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ABSTRACT 
INVESTIGATION OF PEROXIDATION-ASSOCIATED PROCESSES 
INVOLVED IN SENESCENCE AND SUPERFICIAL SCALD 
OF APPLES (Malus domestica Borkh.) 
MAY 1993 
ZHANYUAN DU, B.S., HUNAN AGRICULTURAL COLLEGE 
M.S., BEIJING AGRICULTURAL UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor William J. Bramlage 
Apple (Malus domestica Borkh.) fruits often develop the physiological 
disorders senescent breakdown and superficial scald following storage at low 
temperature. Possible relationships of lipid peroxidation with these 
physiological disorders in apples, and of accumulation and metabolism of a- 
farnesene with scald development, were investigated. 
Preharvest treatments modified lipid peroxidation and activities of 
associated enzymes. During postharvest storage, superoxide dismutase 
activity declined and catalase and peroxidase activities increased in fruit peel. 
At OC and 20C, lipid peroxidation products and enzyme activities generally 
changed significantly shortly after harvest, and then these changes become more 
gradual. Some differences existed in patterns of changes over time between 
vi 
temperatures, but they had little association with differences that developed in 
fruit between temperatures. Lipid peroxidation was not directly associated with 
scald development. However, senescent breakdown areas that developed on 
fruit surfaces had elevated lipid peroxidation products and enzyme activities. In 
model systems, malondialdehyde was oxidized by hydrogen peroxide and by 
light-excited riboflavin. 
Two groups of conjugated triene (CT) species were separated, namely, 
CT281 which was correlated positively with scald, and CT258 which was 
correlated negatively with scald. CT258 appeared to be a metabolite of CT281, 
and scald development to be regulated by both formation and metabolism of 
CT281. A high CT258/CT281 ratio always was associated with low scald 
development. 
Ethylene had opposing effects on scald induction: synthesis and 
metabolism of a-farnesene were enhanced immediately, but during prolonged 
storage relative concentrations of the two CT species were altered, increasing 
the CT258/CT281 ratio. Effects of many environmental, physiological, and 
chemical factors were ethylene-mediated responses. For example, treatment 
with the antioxidant diphenylamine immediately suppressed ethylene and a- 
farnesene production, but over time in storage suppressed CT281 and increased 
CT258, thus increasing CT258/CT281 ratio. Other factors such as fruit size, 
cultivar differences, warming interruption of cold storage, and fruit maturity 
also affected the a-farnesene pathway. In all cases scald development was more 
• • 
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associated with metabolism of CT281 than with its accumulation. From these 
findings, a new hypothesis for the biochemical mechanism of scald development 
was proposed. 
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CHAPTER 1 
INTRODUCTION 
Brief Description of Problems and Their Significance 
Harvested plant materials undergo senescence during their postharvest 
period. This process leads to cellular deterioration and loss of quality of these 
materials. Rates of changes vary with genetic potential and with postharvest 
environmental conditions (Rhodes, 1980). As the materials senesce, they often 
become more susceptible to the development of pathological disorders (diseases) 
and physiological disorders (specific symptoms resulting from metabolic 
dysfunctions within the cells). The combined effects of senescence, disease, and 
physiological disorders often result in substantial losses of food between the 
producer and the consumer. In developing countries, where facilities to regulate 
the postharvest environment often are minimal or non-existent, postharvest 
losses of some perishable vegetables and fruits can be as high as 80-100%, and 
during the marketing period alone, losses may be 20% or more. Even in 
developed countries, with sophisticated postharvest systems, losses often are 
over 20%. For apples in developed countries, losses during the total postharvest 
period and during marketing are estimated to be 14% and 2%, respectively 
(Coursey, 1983). 
In developed countries, senescence and physiological disorders are major 
factors in deterioration in quality of fruits and vegetables. Procedures have been 
1 
developed using both preharvest and postharvest conditions to reduce these 
losses (Kader, 1983), however, the effectiveness of these practices essentially 
relies on our understandings of the physiological and biochemical mechanisms 
involved in these disorders. 
The apple fruit is one of the most extensively investigated postharvest 
plant systems. Its senescence rate is extremely manipulate, and many apple 
cultivars can be maintained at high quality for many months at appropriate 
conditions of temperature, humidity, and atmospheric composition. Its 
unusually manipulate characteristics make it a good model system for 
examining fundamental events in senescence. During recent years, peroxidation 
has been studied widely and has been hypothesized to be one of the 
fundamental biochemical mechanisms that initiate and/or accelerate 
deteriorations in plants (Leshem et al., 1986; Thompson, 1988). Peroxidative 
events in apple fruit often have been recorded (e.g., Leshem et al., 1986), but 
key questions remained unresolved. For example, major changes in 
peroxidative processes, especially early in senescence, have not been identified; 
functioning of oxidative defense mechanisms during senescence has 
not been characterized; relationships between environmental conditions (both 
pre- and post-harvest) and peroxidative processes have not been established. 
The apple fruit presents an opportunity to identify basic physiological 
events and to demonstrate their responsiveness to different environmental 
conditions. An unusual trait of apple fruits is their susceptibility to the 
2 
physiological disorder known as ’superficial scald’, which will be referred to 
simply as ’scald’. Scald develops on the surface of many apple cultivars 
following prolonged periods of continuous storage at near OC. It is believed to 
involve peroxidation. 
The widely accepted hypothesis of scald development is that the volatile 
sesquiterpene a-farnesene forms and accumulates at the outer surface of the 
fruit. a-Farnesene then is peroxidized autocatalytically to conjugated trienes, 
and these oxidation products perturb the surface layers of fruit cells, causing 
their disruption, death, and discoloration, and producing the surface symptoms 
of the disorder that destroy the market value of the fruit. This hypothesis is 
based primarily on the following observations: 
a. Accumulation of a-farnesene in fruit skin is quite variable, and 
accumulations correlate positively with occurrence of scald (Murray et 
al., 1964; Huelin and Murray, 1966); 
b. Peroxidation of a-farnesene to conjugated trienes occurs in vitro 
(Anet, 1969); 
c. There are strong similarities between UV absorbances of hexane 
extracts of apple surfaces and those of in vitro-formed hexane-soluble a- 
farnesene and conjugated trienes (Huelin and Coggiola, 1970a; Meir and 
Bramlage, 1988); 
3 
d. Conjugated trienes often are more closely correlated with scald 
incidence than is a-farnesene (Anet and Coggiola, 1974; Huelin and 
Coggiola, 1970a; Meir and Bramlage, 1988); 
e. Exogenous antioxidant applications inhibit cx-farnesene oxidation to 
conjugated trienes, and also inhibit scald development (Huelin and 
Coggiola, 1968, 1970a, and 1970c); 
f. Endogenous antioxidant concentrations often negatively correlate 
with scald development (Meir and Bramlage, 1988; Barden, 1992). 
However, the above observations do not completely account for the 
biochemical mechanisms of scald and do not prove the hypothesis. Some 
important problems concerning the current hypothesis remained unanswered. 
a. Conjugated trienes or other peroxidized products of a-farnesene 
never have been isolated or chemically identified from natural apple 
extracts. This fact raises the question of whether or not the peroxidation 
of (x-farnesene in vivo is the same as in vitro. If they are, then are 
conjugated trienes metabolized? What is the fate of conjugated trienes? 
b. Antioxidants are believed to be the key endogenous controlling 
factors of cx-farnesene peroxidation. However, none of the important 
natural antioxidants found in apples has been found to be closely 
correlated with scald (Anet, 1974; Barden, 1992). Furthermore, 
diphenylamine (DPA) is very effective in inhibiting scald on apples and 
does inhibit a-farnesene peroxidation to conjugated trienes, but DPA 
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itself seems not to be a specific inhibitor of a-farnesene peroxidation. 
For example, DPA also affects respiration rate, ethylene production 
(Lurie et al., 1989a), and mitochondrial electron transport (Baker, 1963), 
and it may have some general role in senescence and scald development. 
c. Scald susceptibility varies with cultivars (Huelin & Coggiola, 
1968), low temperature before harvest (Merritt et al., 1961), maturity at 
harvest (Huelin and Coggiola, 1968), antioxidant activity in fruit peel 
(Anet, 1974; Johnson et al., 1980), ethylene removal during storage 
(Knee and Hatfield, 1981), and pre-storage treatment with high 
temperature of about 38C (Lurie et al., 1990) or dipping in hot water of 
about 60C (Hardenburg, 1967), as well as with other treatments (Ingle 
and D’Souza, 1989). Yet, few of these important factors have been 
examined for their effects on peroxidation of a-farnesene. In particular, 
ethylene is a dominant hormone in postharvest physiology of fruits, yet 
the effects on scald from manipulation of ethylene are contradictory 
(Couey and Williams, 1973; Greene et al., 1974). 
d. According to Anet (1969), in vitro conjugated trienes have 
absorption maxima at about 251, 260, 269, and 281 nm. Later it was 
observed that hexane extracts of apple surfaces had similar UV 
absorbance maxima at about 258, 269, and 281 nm (Huelin and 
Coggiola, 1970a; Meir and Bramlage, 1988). However, some 
interference occurred in fruit extracts, so Anet (1972) then proposed that 
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OD at 290 nm be subtracted from OD at 281 nm to avoid the 
interference of other compounds which exist in the hexane extracts of 
apples and absorb at about 260 nm. Since then these measurements 
(OD281-290) of hexane extracts have been used routinely to measure 
conjugated trienes. However, absorptions at 258, 269, and 281 nm of 
apple extracts do not change in parallel following different treatments of 
apples, as observed early in the present studies. 
e. A number of factors such as oxygen and carbon dioxide 
concentrations in storage, ethylene evolution during storage, maturity at 
harvest, and antioxidant and calcium levels in apples are involved in both 
senescence and scald. What is the relationship between peroxidative 
changes occurring during senescence, and those occurring during scald 
development? 
Scientific Hypothesis and Objectives 
Hypothesis 
Based on the current knowledge and understanding of the mechanisms of 
senescence and scald of apples, we believe that peroxidation is a key event 
associated with both senescence and superficial scald in apples, although we do 
not know whether they are two separate processes or one secondary process 
(scald development) evolving from a primary process (senescence) under certain 
conditions. Effects of factors which affect both senescence and scald may 
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depend on how they act on peroxidation, and on the functioning of oxidative 
defense mechanisms. It is proposed here, based on observations early in the 
experiments, that not only may the accumulation of a-farnesene and its 
peroxidation to conjugated trienes be important to the ultimate development of 
scald, but also that metabolism of conjugated trienes may be important. This 
metabolism may vary under different conditions and ultimately determine 
whether or not scald develops, while senescence in apples is initiated and/or 
accelerated by lipid peroxidation. 
Objectives 
It is proposed here to use the apple system to investigate: 
a. some in vivo changes in lipid peroxidation (including products and 
enzymes involved in lipid peroxidation) and their possible roles during 
senescence; 
b. details of physiological and biochemical mechanisms and its 
possible regulation of scald, especially roles of ethylene, antioxidants, 
and metabolism of conjugated trienes in scald development in relation to 
different pre- and post-harvest conditions; 
c. relationships between peroxidation and the developments of 
senescence and scald, by measuring effects of exogenous antioxidants, 
ethylene, and pre- and post- harvest factors on peroxidative processes. 
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CHAPTER 2 
LITERATURE REVIEW 
Peroxidation in Plants 
General Chemical Mechanism 
Occurrence of peroxidation depends on existence of active oxygen 
species. The complete reduction of molecular oxygen to water requires four 
electrons and occurs sequentially, resulting in active oxygen species. The four 
electron reduction of oxygen is as follows: 
02 + e -> 02 
02 + e 4* 2 H+-> H202 
H202 + e + H+-> .OH + H20 
.OH + e + H+-> H20 
Sum: 02 + 4 e + 4 H+-> 2 H20 
In living cells, ’partially reduced’ oxygen often is used interchangeably 
with oxygen radicals through the Haber-Weiss reaction 
02‘ 4- H202 -> .OH + OH + 02 
and the Fenton reaction 
02‘ + Fe3+-chelate-> 02 + Fe2+-chelate 
Fe2+-chelate + H202 -> .OH + OH + Fe3+-chelate. 
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The active oxygen species formed by the above reactions are the 
important initiating factors of peroxidation in vivo (Winston, 1990). 
Occurrence in Plants 
There are a number of biological and non-biological systems that 
produce active oxygen species either under in vitro or in vivo conditions. 
Certain small molecules, e.g., thiols, quinols, dialuric acid, and 6- 
hydroxydopamine, may autoxidize in the presence of metal ions and then be 
reduced by intracellular reductants such as reduced glutathione (GSH) or 
ascorbate (Winston, 1990). Some biological molecules, such as riboflavins can 
also produce destructive oxygen species under illumination or irradiation 
(Vargas and Maurino, 1987). 
A number of enzymatic systems can generate active oxygen species, 
among which biological electron transport systems such as those in 
mitochondria, microsomes, and chloroplasts possess enormous potentials for 
production of active oxygen species (Wagner et al., 1988; Winston, 1990). 
There also are some other enzyme systems such as xanthine oxidase, 
dihydroorotate dehydrogenase, tryptophan dioxygenase, and diamine oxidase 
that are known to produce substantial amount of superoxide anion as an 
intermediate (Winston, 1990). 
The peroxidation of lipids is one of the most important manifestation of free 
radical interaction within cells. The peroxidation involves a common chemical 
mechanism which includes three distinct stages of initiation, propagation and 
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termination. Cellular antioxidants are believed to be molecules that defend 
against propagation of lipid peroxidation in vivo (Winston, 1990). 
Both physical and physiological stresses can be sources of active oxygen 
species, thus inducing peroxidation reactions. Chilling (Kuo and Parkin, 1989), 
air pollution (Becker et al., 1989; Mckersie et al., 1982), aging (Puntarulo and 
Boveris, 1990), some physiological disorders [e.g., superficial scald of apples 
(Anet, 1972)], and even fluctuations in oxygen concentrations ranging from 
near anoxia to normoxia [e.g., in esturine plants (Winston, 1990)] are capable 
of inducing active oxygen species. 
Physiological Damages bv Peroxidation 
There has been much debate concerning the direct toxicity of superoxide 
anion, centering mainly on the contrast between the apparent lack of chemical 
reactivity of superoxide anion with organic substances and the deleterious 
effects to biological molecules assigned to superoxide anion. However, other 
active oxygen species, such as .OH and hydrogen peroxide, also are toxic to 
plant cells due to their chemical activity. Damages caused by peroxidation often 
are observed to be associated with membrane structure and functions. Phase 
transition of membranes, leakage of solute out of membrane systems, and 
oxidative damage to chemical coupling and electron flow on membranes are 
common physiological damages to membranes by peroxidation or active oxygen 
species (Winston, 1990). Lipid peroxidation is reported to be involved in the 
regulation of fruit senescence (Brennan and Frenkel, 1973). 
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Products of peroxidation are another major group of toxic compounds in 
vivo. Some products of lipid peroxidation have been widely studied, among 
which malondialdehyde (MDA) has been demonstrated to inactivate a number 
of important enzymes, such as ribonuclease and lactate dehydrogenase, and 
destroy DNA, RNA, proteins, and amino acids through a crosslinking reaction 
between molecules (Janero, 1990). Peroxides also are reported to be toxic to 
cells (Siegel and Gaiston, 1955; Takahama, 1989; Trippi et al., 1989). 
Superficial scald of apples is an example of a physiological disorder 
believed to be caused by peroxidation. The physiological damage includes 
deterioration or death of hypodermal cells and discoloration of apple skin. 
Symptoms on apples include patches of brown to grey skin, often with sunken 
appearance because they overlay collapsed and dead cells of the hypodermis 
and outer cortex (Bain, 1956; Bain and Mercer, 1963). In mild cases only the 
skin layer is affected, but in more severe cases, underlying tissues may be 
affected (Pierson et al., 1971). These symptoms do not usually become evident 
during storage until after 4-5 months at near 0C in susceptible cultivars. 
However, the damage may become obvious after only 2-3 months of storage if 
the fruit are removed from storage and kept in warm air for several days 
(Pierson et al., 1971). 
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Defense Mechanisms Against Peroxidation 
Defense mechanisms against peroxidation may directly act to inhibit 
peroxidation reactions or act on the toxic products of peroxidation and thereby 
reduce physiological damage. 
Non-enzvniatic Antioxidant Defense Mechanisms. Antioxidants are 
compounds that can slow down or delay peroxidation by their chain-breaking 
activity. Compounds such as those with thiol-groups (e.g., cysteine or 
glutathione), ascorbate, some phenolic compounds, some alkaloids, urate, and 
catechols are water-soluble antioxidants, among which glutathione and ascorbate 
are the most important ones in cells (Winston, 1990). 
Compounds such as vitamin E (a-tocopherol), flavonoids, and 
carotenoids are lipid-soluble antioxidants. Vitamin E is probably the most 
important antioxidant that is incorporated into the lipid membranes of plant 
cells. Chloroplasts usually contain large amounts of it (Winston, 1990). 
Enzymatic Defense Mechanisms. The existence of some defense 
enzymes in cells represents a crucial line of defense against oxidative damage 
associated with peroxidation. The enzymes most often invoked for their 
capacity to prevent oxidative stress are superoxide dismutase (SOD), catalase, 
and peroxidases. 
SOD is found in virtually every aerobic organism and oxygen-tolerant 
anaerobe. It catalyzes the decomposition of superoxide anion resulting in the 
production of hydrogen peroxide and molecular oxygen. Three isozymes exist 
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in plants, namely Cu/Zn-containing SOD, Mn-containing SOD, and Fe- 
containing SOD (Becana et al., 1989; Droillard and Paulin, 1990). 
Peroxidases catalyze the destruction of peroxides in the presence of 
proper reductants, such as ascorbic acid and GSH. Catalase is a typical heme- 
containing enzyme and catalyzes the decomposition of hydrogen peroxide via 
two different mechanisms (catalytically and peroxidatically), as shown below 
(Winston, 1990). 
a). 2 H202 -> 2 H20 + 02 
and b). H202 + AH2-> 2 H20 + A 
Peroxidation-associated Physiological Disorders in Apples 
Senescence and superficial scald are two well-known examples of the 
peroxidation-associated physiological disorders in apples. 
Senescence 
Lipid peroxidation associated with membranes is believed to be one of 
the key initiating factors of plant senescence. Lipid peroxidation takes place 
when a plant tissue is senescing (Dhindsa, 1981; Kar and Mishra, 1976). 
Deterioration of plant membrane systems begins with hydrolysis of membrane 
lipids and release of unsaturated free fatty acids which are the dominant 
substrates of lipid peroxidation (Sanaratna et al., 1987). The levels of galacto- 
and phospholipids of apple peel decrease during senescence, with the glycolipid 
decrease preceding that of phospholipids (Sylvestre and Paulin, 1987; Galliard 
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et al., 1968). As senescence progresses, unsaturation of lipids decreases 
(Thompson, 1988). Concurrent with these catabolisms, free radicals and 
products of lipid peroxidation, such as MDA and peroxides, increase during 
senescence (McKersie et al., 1982). 
Lipoxygenases (LOX) are a group of enzymes which catalyze the 
formation of conjugated hydroperoxides in chain reactions. Evidence indicates 
that LOX is responsible for enhancing lipid peroxidation and is closely 
associated with senescence in many plants (Leshem et al., 1986). Endogenous 
defense mechanisms against peroxidation exist widely in plants. 
Biosynthesis of ethylene, which is a key controlling process in plant 
senescence and fruit ripening, is a free-radical-mediated process (Baker et al., 
1978). 
Superficial Scald 
Superficial scald of apples is one of the most extensively studied 
postharvest physiological disorders of fruits (Meigh, 1970; Ingle and D’Souza, 
1989; Wilkinson and Fidler, 1973). It is probably a disorder caused by chilling 
injury (Bramlage and Meir, 1990). The disorder has been responsible for large 
losses of apples after storage and during marketing (Pierson et al., 1971). 
Biochemical Mechanism. Meigh (1964, 1967) investigated the changes 
of fatty acids, carbohydrates, and carbonyl compounds, and their relationship to 
scald. At almost the same time, Murray et al. (1964) first identified a- 
farnesene, found primarily in the natural coating of apples, as a biochemical 
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inducing factor of scald. Removal of a-farnesene from apples reduced scald 
incidence (Huelin and Coggiola, 1970b). Soon after Murray’s finding, Huelin 
and Coggiola (1968 and 1970a; Anet and Coggiola, 1974) found that it was not 
the a-farnesene itself, but rather its peroxidation into conjugated trienes that 
was responsible for scald induction, and they tested the inhibitory effects of a 
variety of antioxidants on autoxidation of a-farnesene. Furthermore, Anet 
(1969) separated and identified two conjugated triene species from peroxidized 
a-farnesene in vitro. Both of these conjugated triene species had absorption 
maxima at about 251, 260, 269, and 281 nm. Later Huelin and Coggiola 
(1970a) and Meir and Bramlage (1988) observed similar absorption maxima at 
258, 269, and 281 nm in hexane extracts of natural apple surfaces. Conjugated 
trienes extracted from apples by hexane often are found to have better 
correlations with scald than does a-farnesene (Huelin and Coggiola, 1970a, 
1970c; Chen et al., 1990). Endogenous antioxidants also were found to 
correlate with scald incidence (Anet, 1974; Barden, 1992). Meir and Bramlage 
(1988) reported that OD200 of hexane extracts at harvest time correlated with 
the antioxidant activity in apple peels and with scald development. These 
findings have led to a widely-accepted hypothesis for the biochemical 
mechanism of apple scald, i.e. that a-farnesene is peroxidized into conjugated 
trienes which then lead to development of scald symptoms (Ingle and D’Souza, 
1989). Antioxidants inhibit this peroxidation, presumably thereby inhibiting 
scald. Correlations of scald with the concentrations of a-farnesene and 
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conjugated trienes in fruit surfaces and antioxidant activity of fruit peel have 
been extensively studied (Huelin and Coggiola, 1970b, 1970c; Meir and 
Bramlage, 1988; Barden, 1992). LOX has been reported to be associated with 
scald induction as presumably a promoter of lipid peroxidation (Feys et al., 
1980). 
Major Factors Affecting Scald. Although a definite cause of scald has 
not been established, several factors are known to influence scald susceptibility. 
These include cultivar, orchard locality, weather conditions shortly before 
harvest, harvest maturity, mineral elements such as calcium and copper in apple 
tissues, and storage conditions including temperature, air composition, and 
ethylene levels (Fidler, 1956; Ingle and D’Souza, 1989; Patterson and 
Workman, 1962). The occurrence of scald is more frequent in hot, dry seasons 
than in cool, damp seasons (Fidler, 1956; Albrigo, 1968). Immature apples 
usually develop more scald than those harvested at maturity, and the green 
portion of the surface is more susceptible than is the red area (Albrigo and 
Childers, 1970). Ethephon spray before harvest can have great effect on 
postharvest scald incidence (Greene et al., 1974; Lurie et al., 1989b; Couey 
and Williams, 1973). Hours below 10C before harvest are reported to be 
correlated with antioxidant activity and scald incidence (Barden, 1992). Storage 
conditions such as temperature, ethylene level, ventilation, and atmosphere 
composition, such as levels of oxygen and carbon dioxide, also affect scald 
development (Ingle and D’Souza, 1989; Chen et al., 1985; Little et al., 1982). 
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The most important biochemical indices associated with scald are presumed to 
be concentrations of a-farnesene, conjugated trienes, and antioxidants. The first 
two are reported to be positively correlated with scald incidence, while the 
latter is negatively correlated with scald incidence (Huelin and Coggiola, 1970c; 
Anet, 1972; Meir and Bramlage, 1988). Scald incidence is also affected often 
by mineral compositions of fruit (Martin et al., 1975; Bramlage et al., 1985; 
Marmo et al., 1985) and varieties (Huelin and Coggiola, 1968; Liu, 1977). 
Controls of Scald. Controls of scald include pre-harvest management 
such as chemical application and proper harvest timing, postharvest chemical 
treatments, and other non-chemical means. 
Ethephon and daminozide spray have been applied as pre-harvest 
controls (Couey and Williams, 1973). The effectiveness of postharvest 
treatment with DPA as a commercial scald inhibitor relies on its antioxidant 
activity. DPA treatment before storage greatly reduces conjugated triene 
accumulation during storage (Huelin and Coggiola, 1970a; Lau, 1990). 
However, antioxidant activity of DPA seems not to be specific to peroxidation 
of a-farnesene into conjugated trienes. DPA-treated apples differ from untreated 
apples in mitochondrial electron transport (Baker, 1963) and in ethylene 
production after cold storage (Lurie et al., 1989a). Foliar application of calcium 
or postharvest dipping of apples in CaCl2 also may give some reduction of scald 
(Drake et al., 1979; Lurie and Klein, 1992). Oiled wraps and strips of oil- 
impregnated paper were used in early studies (Smock, 1957; Goldenberg et al., 
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1979), and prior to the use of DP A they were the commercial methods of scald 
reduction. 
Hot-water dips at about 50-60C for 30-60 seconds can inhibit scald 
development in some cultivars (Hardenberg, 1967). Heat treatment (keeping 
apples at about 38C for a few days before cold storage) also reduces scald in 
’Granny Smith’ apples by delaying its occurrence (Lurie et al., 1990). Ionizing 
radiation has some beneficial effect on scald control (Faust et al., 1967). 
Management of oxygen and carbon dioxide concentrations in controlled- 
or modified-atmosphere storage greatly affects scald incidence of apples, 
although its effect varies with cultivars and physiological conditions of stored 
apples (Chen et al., 1985; Ingle and D’Souza, 1989). A good control of scald 
usually can be obtained by low oxygen concentration (below 2%) or high 
carbon dioxide concentration (3% to 6%), although the best atmospheric 
composition varies with cultivars and other conditions (Ingle and D’Souza, 
1989). Ethylene removal or low-ethylene storage also can reduce development 
of scald (Knee and Hatfield, 1981). 
Factors Affecting Both Senescence and Superficial Scald 
Factors such as ethylene, calcium, and maturity and ripening are greatly 
involved in both senescence and scald. Since these factors also affect 
peroxidation, peroxidation may create an association between senescence and 
scald. It is perhaps not coincidental that scald symptoms often develop after 
significant senescence has occurred in the fruit. 
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The maturity of apples at harvest plays an important role in postharvest 
senescence and scald susceptibility. Immature apples generally are more 
susceptible to scald, but more resistant to senescence. Immature apples also are 
more resistant to senescence breakdown, another physiological disorder that is 
associated with calcium deficiency, during and following storage. Ethylene can 
promote both senescence (Leshem et al., 1986) and scald development (Ingle 
and D’Souza, 1989). The higher susceptibility to scald of immature apples is 
presumed to be due to a less efficient system of antioxidants and/or to a lower 
resistance to the toxicity of the products of a-farnesene autoxidation, since 
immature apples do not produce appreciably less a-farnesene than mature 
apples (Anet, 1972). 
Ethylene is a senescence-inducing hormone in many plants and may 
regulate several metabolic processes involved in ripening and senescence of 
fruits (Mattoo and Aharoni, 1988). However, it also is recognized that ethylene 
is an active agent in scald development. Ethylene removal during storage 
suppresses a-farnesene formation and reduces scald (Knee and Hatfield, 1981; 
Dover, 1985). However, the effects of pre-harvest applications of ethephon 
(which generates ethylene) have been contradictory. Windus and Shutak (1977) 
and Greene et al. (1974a, and 1974b) observed an increase in scald incidence 
following treatment of Cortland and McIntosh apples, respectively. With 
Delicious and Granny Smith apples, however, less scald incidence of ethephon- 
treated apples was reported by several authors (Couey and Williams, 1973; 
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Hammett, 1976; Lurie et al., 1989b). These mixed results may indicate that 
effects of pre-harvest ethephon treatment on postharvest scald incidence are 
indirect and may vary with physiological conditions of treated apples. 
Some free radical quenching agents significantly inhibit ethylene 
production (Bangerth, 1978; Robert et al., 1975). Ethane production in potato 
tissue slices and mitochondria is stimulated by linolenic acid and inhibited by 
DPA (Konze and Eilstner, 1976). Bisulfite-injured leaves of cucurbits evolve 
ethane and ethylene and both are enhanced by light, which may activate free 
radicals (Wilson et al., 1978). Bousquet and Thimann (1984) demonstrated that 
ethylene formation from ACC (the precursor of ethylene biosynthesis) is 
mediated by peroxidation, which may be a factor in leaf senescence. 
High calcium levels are reported to be beneficial in delaying or reducing 
senescence (Ferguson et al., 1983; Ferguson, 1984; Poovaiah, 1987) and 
postharvest disorders (Perring and Jackson, 1975; Poovaiah, 1986), and may 
interact with lipid peroxidation (Bors et al., 1990; Jackson, 1990). It also has 
been observed that postharvest dips in calcium chloride reduce apple scald 
(Sharpies et al., 1979; Conway and Sams, 1985; Lurie et al., 1992). However, 
it is not known whether the beneficial effect of calcium on scald in due to its 
anti-senescence effect or to inhibition of lipid peroxidation. 
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CHAPTER 3 
MODIFIED THIOBARBITURIC 
ACID ASSAY FOR MEASURING LIPID OXIDATION 
IN SUGAR-RICH PLANT TISSUE EXTRACTS 
Abstract 
Use of the thiobarbituric acid (TBA) assay for thiobarbituric acid-reactive 
substances (TBARS) of lipid oxidation in extracts of plant materials was 
examined. Sucrose, fructose, glucose, lactose, citrus pectin and bovine serum 
albumin (BSA) interfered with the TBA assay reaction. To correct for the 
interference caused by sugars (the major interference), a modified procedure 
was developed using standard curves for both malondialdehyde (MDA) and 
sucrose. Molar absorbance (MA) of adducts from TBA-MDA and TBA-sucrose 
reactions increased when the acidity in the reaction mixture increased, and the 
time of heating and the temperature of heating for the reaction increased. 
Visible absorbance spectra showed that the adducts from the TBA-sucrose 
reaction were a mixture of at least two components. Comparisons between the 
basic and modified procedures indicated that the modified procedure was a 
more accurate measurement of TBARS of lipid oxidation in apple peel, tomato 
and pepper fruits, and tomato leaves. 
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Introduction 
The thiobarbituric acid (TBA) assay is widely used to measure 
thiobarbituric acid-reactive substances (TBARS) of lipid oxidation (Buege & 
Aust, 1978; Gary, 1978) due to its simplicity, although high performance liquid 
chromatography methods have been developed (Lee and Csallany, 1987; Tatum 
et al., 1990). TBA reacts with malondialdehyde (MDA), a product of lipid 
oxidation, to give a red, fluorescent 1:2 MDA:TBA adduct with maximum 
absorbance at 532 nm (Janero, 1990; Sinnhuber et al., 1958)). In plant tissues, 
lipid oxidation in membrane systems takes place during senescence (Dhindsa et 
al., 1981). Since this oxidation appears to be an integral part of this process 
(Leshem et al., 1986), TBA assays of MDA or TBARS are being used 
increasingly in plant senescence research (Heath & Packer, 1968; Upadhyaya et 
al., 1989; Upadhyaya et al., 1985). MDA has been reported to inactivate 
ribonuclease and other enzymes in plant tissues (Chio & Tappel, 1969) and 
DNA in other systems (Nair et al., 1986). 
In the TBA assay, absorbance at 532 nm is taken as a measure of MDA 
or lipid oxidation (Askawa and Matsushita, 1979; Bernheim et al., 1947; 
Frenkel and Neff, 1983). However, TBA also reacts in a similar way with 
other products of lipid oxidation such as alkanals, alkenals and dienals (Knight 
et al., 1988) and some researchers recently reported that MDA may not be the 
major TBA-reactive component of lipid breakdown (Ichinose et al., 1989; 
Kosugi et al., 1989). In addition, many substances other than products of lipid 
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oxidation have been reported to interfere with the TBA assay. These substances 
include monosaccharides and disaccharides, especially sucrose (Baumgartner et 
al., 1975; Albro and Corbett, 1986.), and analogues of MDA such as 
acetaldehyde (Wills, 1964; Knight et al., 1988). Sucrose reacts with TBA to 
produce a chromogen with a maximum absorbance at 453 nm when incubated 
at a temperature of 37°C (Wilbur et al., 1949; Baumgartner et al., 1975). 
The TBA assay was developed for use in animal system research, and 
little consideration has been given to the different conditions that may exist in 
plant systems. In particular, little knowledge exists about potential interferences 
that may exist when the assay is used for plant extracts. This study was 
conducted to examine the use of the TBA assay for plant extracts, especially in 
sugar-rich plant extracts, and to determine modifications that may be needed to 
improve its specificity and accuracy. 
Materials and Methods 
Chemicals: Bovine serum albumin (BSA), glutamic acid, glycine, 
fructose, lactose and thiobarbituric acid (crystal) were from Sigma. Sucrose, 
glucose, mannitol and glycerin were from Fisher. Malonaldehyde 
bis(dimethylacetal) , 98% and trichloroacetic acid (TCA), 98% were from 
Aldrich. Starch (soluble) was from Mallinckrodt. Pectin (citrus) was from 
Matheson Coleman and Bell. 
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Plant material: Three plant species were used. Cortland apples (Malus 
domestica Bork.f were grown at the University of Massachusetts Horticultural 
Research Center, and harvested on different dates. Apples were peeled and the 
peel was stored at -25°C for three months. Frozen peels were used for 
measurements. Heinz 1350 tomatoes (Lvcopersicon esculentum) and Large Bell 
green peppers (Capsicum frutescens) were grown in the greenhouse under 
standard conditions, and leaves and fruit were sampled for measurements on 
fresh tissue. 
Ten grams of plant tissue were homogenized with 50 ml of cold acetone, 
and filtered through Whatman no. 4 paper. The filtrate was brought to 75 ml 
with water, and kept at 4°C until use for measuring TBARS and total soluble 
sugars. 
Basic procedure: The basic procedure of TBA assay was that of Heath 
and Packer (1968). Two ml of 20% TCA aqueous solution and 1 ml of 0.67% 
TBA aqueous solution were added to 2 ml of the extract from plant tissues. The 
mixture then was heated in a boiling water bath for 15 minutes, cooled quickly 
with running tap water and centrifuged at 15,000 rpm for 15 minutes. The clear 
supernatant was brought to 10 ml with distilled water. The absorbance at 532 
nm was recorded and the absorbance for the non-specific turbidity at 600 nm 
was subtracted. Two ml of distilled water instead of the extract, treated with 
the same procedure, was used as a blank. 
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A linear standard curve of MDA was prepared by the following 
procedure. Malonaldehyde bis(dimethylacetal) [24.6 mg] was dissolved in 100 
ml of distilled, deionized water to give a stock solution. Working standards 
were made by diluting the stock solution 1:75, 1:100, 1:150, 1:200 and 1:300 
with 0.01 N HC1. The working solutions were prepared fresh daily. The molar 
absorbance (MA, 1.61x105) was close to the reported molar extinction 
coefficient of 1.57xl05 (Albro et al., 1986) at 532 nm. The concentration of 
TBARS in terms of MDA equivalent was calculated as follows: 
MDA equivalent (nmol/ml) = [(A440-A600)(MA of sucrose at 532 nm/ 
MA of sucrose at 440 nm)]]/157,000]106 
Modified Procedure: The modified procedure was the same as the basic 
procedure except that the absorbance was measured at three instead of two 
wavelengths, i.e., at 532 nm, 600 nm, and 440 nm, and that a standard curve 
of sucrose was used to rectify the interference of soluble sugars in samples. 
By using a series of concentrations of sucrose from 2.5 /xmol/ml to 10 
/xmol/ml, the standard curve of sucrose was prepared by following the basic 
procedure except that the absorbance was read at 532 nm and 440 nm. The 
absorbance of sucrose at 440 nm was proportional to the concentration of 
sucrose being measured and could be used for crude measurement of total 
soluble sugars in samples. The concentration of TBARS expressed in MDA 
equivalent (nmol/ml) was calculated as follows: 
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[[(A532-A6oo)-[(A44o-A6oo)(MA of sucrose at 532 nm/ 
MA of sucrose at 440 nm)]]/157,000]106 
However, A^ is very small, and often can be omitted from the above 
formula. 
Results and Discussion 
Some soluble sugars, amino acids, polyhydroxy-compounds, pectin, 
starch and protein were chosen for the test because these compounds are 
common components in plant tissues or, due to their structure, are possible 
interfering substances in the TBA assay. Among the eleven compounds tested 
under the conditions described above, five gave no detectable chromophore: 
0.05-1% starch, 10-40 mM glycerin, 10-40 mM mannitol, 10-40 mM glycine, 
and 10-40 mM glutamate. Two (sucrose and fructose) significantly interfered 
with the TBA-MDA reaction, and the other four (lactose, glucose, pectin, and 
BSA) interfered only slightly (Table 3.1). Reaction products of all of the tested 
sugars except lactose had high maximum absorbance at about 440 nm, which is 
different from the previously reported maximum absorbance at 453 nm (Wilbur 
et al., 1949; Baumgartner et al., 1975). Lactose had a maximum absorbance at 
370 nm, but had a secondary absorbance peak at 440 nm. Sucrose and fructose 
both had a high MA of about 1.5x10% which was about 100 times higher than 
the MA of lactose or glucose in this experiment. Although the MA for sucrose 
is about 103 times (»147/161,000, Table 3.1) lower than that of MDA, the 
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concentration of sugars may be about 103 - 104 times (40-400 mM/5-70 /jlM, 
Table 3.5 higher than that of TBARS in plant tissues. Thus, the interference of 
sugars cannot be ignored. The MA for sugars in this experiment was much 
higher than reported previously (Albro et al., 1986; Wilbur et al., 1949; 
Baumgartner et al., 1975). One reason for such differences in maximum 
absorbance and MA could be the difference of the reaction temperature. Most 
previous experiments were conducted at 37°C, but in this experiment the 
temperature was 95-100°C except where noted. Other data in this experiment 
(Table 3.2) showed that reaction temperature influenced not only the absolute 
value of MA, but also the relative value of MA at different wavelengths. As 
temperature increased, the absorbance at 532 nm increased more rapidly than 
that at 440 nm. This suggested that at high temperature, sucrose interfered with 
TBA assay more significantly than at low temperature. 
Pectin had a maximum absorbance at 440 nm, and it produced the 
chromophore at room temperature by reaction with TBA. BSA gave a high 
absorbance peak at 370 nm and a low absorbance peak at 530 nm. Prior to this 
study, protein had not been reported to interfere in TBA assay. Although most 
fresh plant tissues do not contain large amounts of protein (Leveille et al., 
1983; Souci et al., 1986), some, e.g., seeds of legume, may contain 
considerable amounts [10% to 25%] (Leveille et al., 1983). In extracts with 
high soluble pectin or protein concentrations, corrections in addition to that 
described here may be necessary in a TBA assay. However, since sucrose gave 
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very high interference, and it is in quite high concentrations [5% to 15%] 
(Souci et al., 1986) in many plant tissues, a series of tests using sucrose as the 
interfering compound examined factors affecting TBA assays of plant extracts. 
Several factors were found to be important for TBA assay. The MA of 
both 532 nm and 440 nm increased as time of heating increased. However, 
after 15 minutes these increases had leveled off. The MA was also influenced 
by temperature of heating and acidity of reaction mixture. The higher the 
temperature or the acidity, the higher the value of MA (Table 3.2). 
Replacement of TCA by an equal concentration of HC1 gave an increased MA 
for the TBA-sucrose reaction (Table 3.2), but equal replacement did not 
significantly change the MA of TBA-MDA reaction (TCA: 100 ± 3.6; HC1: 99 
+ 3.3). These results are consistent with the possibility that the pyrolysis 
products of sucrose react with TBA to produce a red chromogen (Baumgartner 
et al., 1975), possibly a MDA-like product (Matsuo et al., 1987) and suggest 
that acidic conditions may influence the pyrolysis of sucrose. 
A precipitate of the chromogen from the TBA-sucrose reaction can form 
(Wilbur et al., 1949). Under the conditions of this experiment, a precipitate 
was often observed when the final concentration of sucrose was higher than 7.5 
/xmol/ml. After this precipitate was redissolved in distilled water, the 
absorbance curve in the visible spectrum was different from that of its 
supernatant and that of the uncentrifuged chromogen solution, producing a 
higher absorbance at wavelengths longer than 460 nm (Figure 3.1). Thus, the 
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precipitate interfered more at 532 nm than did the supernatant chromogen. 
These results indicated that the chromogen of the TBA-sucrose reaction was a 
mixture of at least two components. One component had a relatively low 
solubility in water and precipitated when its concentration was high, i. e., when 
the concentration of sucrose was higher than 7.5 /xmol/ml, while the other had 
relatively high solubility in water and existed only in the supernatant. This 
interpretation was supported by the data in Table 3.2: absorbance at different 
wavelengths increased at different rates when temperature of heating or acidity 
of the reaction mixture increased. The absorbance of a sample of apple peel 
extract was different from that of the pure TBA-sucrose reaction (Figure 3.2). 
The small increase at about 530 nm of the absorbance curve of the apple 
sample apparently was due to TBARS in the sample. 
Because six compounds, especially sucrose and fructose, had significant 
absorbance at 532 nm (as a tail [about 5%] of the absorbance at 440 nm, Table 
3.1) and they are abundant in plant tissues, they may interfere with 
measurement of TBARS in plant tissue extracts. This raises the problem of how 
to correct for these interferences in a practical assay. Since it is very difficult to 
exclude all of these interfering compounds from plant tissue extracts, a 
modified procedure was developed, as described in Materials and Methods. 
Since compounds other than those tested in this experiment may interfere 
with the TBA assay of plant extracts, internal standards of sucrose and MDA 
were added to apple extract samples. The systems of sample plus standard 
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solution of MDA or sucrose or both behaved similarly to the pure system of 
standard solution of MDA or sucrose (Table 3.3). This suggests that there was 
no significant interaction between MDA and sucrose, or between the 
components of a sample and exogenous MDA and sucrose. 
TBARS can be extracted by different solvents (Wilbur et al., 1949; 
Ichinose et al., 1989; Heath Sc Packer, 1968). However, effectiveness of 
different solvents for the extraction of TBARS and interfering substances in 
plant tissues have not been reported before. We founds considerable differences 
among solvents and solvent combinations in extraction recovery of TBARS and 
sucrose from apple peels (Table 3.4). Ethanol (100%) gave the highest recovery 
for both TBARS and sucrose, while hexane extracted no detectable TBARS or 
sucrose from apple peels. A relatively polar solvent may be needed for this 
method. Acetone, routinely used as the solvent for TBA assay, recovered only 
45% and 73%, respectively, of TBARS and sucrose. However, acetone gave 
the best recovery (96-100%) for peroxides in extraction from plant tissues (data 
not shown). Whether the low recovery of MDA in many solvents is due to the 
instability of MDA in the presence of some strong oxidants that exist in plant 
tissues, e.g., H202 (Kostka and Kwan, 1989) or due to the solvent itself is not 
known. It appears that the solvent of choice depends on what substances you 
wish to extract and possibly, the tissue you are extracting. 
Table 3.5 compares results of basic and modified procedures for samples 
from an experiment using Cortland apples. In this case, the sample tissue 
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contained 10-13% soluble sugars, which accounted for about 1/3 of the total 
absorbance at 532 nm, since the measured concentration of TBARS by the 
modified procedure was about 35 % less than that measured by the basic 
procedure. 
The modified procedure also was used to measure extracts from tomato 
and green pepper plants (Table 3.5). The amount of total soluble sugars was 
calculated from the absorbance at 440 nm, which could be slightly higher than 
the actual amount (Leveille et al., 1983; Souci et al., 1986) in plant tissues due 
to interference at 440 nm by pectin or other substances. The concentrations of 
TBARS and soluble sugars in these plant tissues were much lower than those in 
apple peels and the concentrations of sugars also were much more variable 
(Table 3.5). In these samples, the sugars accounted for up to 78% of the 
"TBARS" calculated from the basic procedure, a difference that could lead to 
misinterpretations of the results. Thus, use of the basic procedure for measuring 
extracts from sugar-rich plant tissues may greatly overestimate the TBARS 
concentrations and use of the modified procedure could overcome this problem. 
Soluble sugars could be the primary interference in TBA assay of many 
plant tissues. In most vegetable and fruit crops, soluble sugar concentrations 
change greatly during maturation, ripening and senescence (Rhodes, 1980). A 
simple method to correct for the interference by such varying compounds could 
be important. 
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Although the specificity to MDA of the TBA assay has been questioned, 
Pompella et al. recently (1987) reported that TBA assay has comparable 
reliability with other methods in measuring lipid oxidation both in vivo and in 
vitro. Use of the modified procedure described here could improve its accuracy 
when applied to plant tissues. Plaisance (1917) reported that TBA could be a 
qualitative reagent for ketohexose. We do not suggest use of the modified 
procedure as a quantitative method for measuring total soluble sugars in plant 
tissues. However, it could be used for a simple semi-quantitative measurement 
of total soluble sugars in plant tissues. 
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Table 3.1. Effects of selected compounds on the TBA assay8. 
Compound Concn. range 
Absorbance 
Max. nm 
440 nm 
MA 
532 nm 
Sucrose 1-10 mM 440 147 8.4 
Fructose 1-10 mM 440 141 8.1 
Lactose 10-40 mM 370 11.4 
440 1.8 0.14 
Glucose 10-50 mM 440 1.2 0.09 
Pectin 0.1-1% 440 0.081-0.73b 0.006-0.062b 
BSA 0.1-0.4% 370 0.094-0.35b 
530 0.005-0.014b 0.005-0.015b 
MDA 0.75-5.0 nM 532 4991 161,000 
a Data are means of four replications. 
b Presented as optical density of the given concentration ranges at the 
wavelengths. 
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Table 3.2. Influence of temperature and acidity on the TBA-sucrose reaction3. 
Reaction conditions 
MA at 
532 nm 
Rel 
value 
MA at 
440 nm 
Rel 
value 
68°C; TCA,0.488 Mb 0 0 20 ± 2.1 14 
88°C; TCA,0.488 M 3.2 ± 0.3 39 103 ± 5.3 71 
98°C; TCA,0.488 M 8.1 ± 0.5 100 145 ± 4.8 100 
98°C; TCA,0.122 M 0 0 25 ± 4.8 17 
98°C; TCA,2.745 M 13.4 ± 0.8 165 228 ± 5.1 157 
98°C; HC1,0.488 M 11.4 ± 0.6 140 161 ± 5.2 111 
3 Sucrose was present at 7.5 /xmol/ml, and solutions were heated for 15 
min in a water bath. Data were presented as means ± SE of three 
replications. 
b 0.488 M TCA is the normal concentration used for the assay. 
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Table 3.3. Effects of additions to an apple peel extract, of MDA and sucrose, 
alone or in combination, on the measurements of TBARS and sucrose 
concentrations using the modified TBA procedure3. 
Additions to the Measured increase in concentration 
apple extract TBARS, nmol/ml Sucrose, /xmol/ml 
0.5 nmol/ml MDA 
1.5 nmol/ml MDA 
2.5 /xmol/ml Sucrose 
5.0 /xmol/ml Sucrose 
0.5 nmol/ml MDA + 
2.5 /xmol/ml Sucrose 
0.5 nmol/ml MDA + 
5.0 /xmol Sucrose 
1.5 nmol/ml MDA + 
2.5 /xmol/ml Sucrose 
1.5 nmol/ml MDA + 
5.0 /xmol/ml Sucrose 
0.54 ± 0.03 
1.34 ± 0.06 
2.5 ± 0.11 
4.4 ± 0.26 
0.53 + 0.03 2.6 ± 0.13 
0.56 ± 0.04 5.1 ± 0.17 
1.46 ± 0.05 2.7 ± 0.14 
1.45 + 0.05 5.1 + 0.19 
3 Data are presented as means ± SE of 3 replications. 
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Table 3.4. Comparisons of various solvents used to extract apple peel tissue for 
the TBA assay8. 
% Recovery 
Solvent MDA Sucrose 
Ethanol (100%) 94 ± 6 95 ± 5 
Ethanol/water (3/1, v/v) 71 ± 5 97 ± 5 
Acetone (100%) 45 ± 5 73 ± 5 
Acetone/water (3/1, v/v) 46 ± 3 96 + 4 
Water (100%) 20 ± 3 72 ± 6 
1 % TCA in water 19 ± 3 68 ± 4 
Propyl alcohol (100%) 10 ± 4 88 ± 7 
Chloroform (100%) 2 ± 1 1 ± 1 
Hexane (100%) 0 0 
a Sucrose (3 ml, 500 mM) and MDA (0.5 ml, 1.5 jiiM) were added to 
7.5 g of apple peel before extraction. Recovery is calculated as percent of the 
added MDA or sucrose that was measured by the modified TBA procedure at 
532 nm (MDA) or 440 nm (sucrose). Data are presented as means ± SE of 3 
replications. 
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Table 3.5. Comparisons of the basic and modified TBA assays for measuring 
TBARS concentrations in peel from Cortland apples harvested on different 
dates, in tomato leaves and fruit, and in green pepper fruit3. 
Plant tissue 
TBARS, nmol/g.fw 
Basic assay 
(A) 
Modified assay 
(B) B/A, % 
Cortland apple (9/6/89) 83.4 Hr 3.3 52.1 ± 4.7 63 
Cortland apple (9/13/89) 67.1 ± 8.7 39.1 ± 5.0 58 
Cortland apple (9/18/89) 86.8 + 2.6 54.7 ± 2.0 63 
Cortland apple (10/2/89) 101.0 ± 5.0 66.7 ± 6.7 66 
Tomato leaves 7.9 ± 0.9 4.6 ± 0.8 58 
Tomato fruit (green) 7.8 ± 0.8 1.7 ± 0.3 22 
Tomato fruit (red) 16.5 ± 1.4 5.1 ± 0.6 31 
Pepper fruit (red) 22.6 ± 1.7 4.9 ± 0.6 22 
3 Soluble sugar concentrations were 10-13% f. w. in apple peel, 1.3% in 
tomato leaves, 2.8% and 4.6% in green and red tomato fruit, respectively, and 
7.1% in pepper fruit, as measured by the TBA reaction. Data are presented as 
means + SE of 4 replications. 
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Figure 3.1. Relative optical densities of the uncentrifuged sucrose reaction 
mixture, sucrose-reaction precipitate, and sucrose-reaction supernatant. 
52 
R
e
la
ti
v
e
 
O
p
ti
c
a
l 
D
e
n
si
ty
 
Figure 3.2. Relative optical densities of MDA, and of the TBA reaction 
products of an apple peel extract and uncentrifuged reaction products of 
sucrose. 
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CHAPTER 4 
OXIDATION OF MALONDIALDEHYDE 
BY HYDROGEN PEROXIDE AND BY LIGHT-EXCITED RIBOFLAVIN 
IN MODEL SYSTEMS 
Abstract 
Oxidation of malondialdehyde (MDA) by H202 or light-excited riboflavin 
was investigated in model systems. Oxidation of MDA by H202 was affected by 
concentrations of MDA or H202, pH and solvent. The reaction displayed an 
approximate 1:1 ratio of H202/MDA consumption and probably produced 
malonaldehydate as the oxidation product in moderate conditions. Oxidation of 
MDA by light-excited riboflavin was demonstrated to produce superoxide 
anion, and the amount of superoxide anion generated in this system was MDA 
concentration-dependent. 
Introduction 
Malondialdehyde (MDA), a product of lipid peroxidation, has been 
reported to exist extensively in foods (Siu and Draper, 1978; Gray, 1978) and 
in living systems (Janero, 1990; Dhindsa et al., 1981). The significance of 
MDA in human health (Shamberger et al., 1974; Mukai and Goldstein, 1976) 
and in association with plant senescence (Kar and Mishra, 1976) is of 
increasing interest. The toxicity of MDA to living systems is attributed mainly 
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to its ability to alter or cross-link a variety of biomolecules such as proteins and 
enzymes (Buttus, 1967; Crawford et al., 1967; Chio and Tappel, 1969; ), 
lipoproteins (Fogelman et al., 1980), DNA (Nair et al., 1984; Summerfield and 
Tappel, 1981), amino phospholipids (Bidlack and Tappel, 1973), and amino 
acids (Lewis and Wills, 1962; Nair et al., 1981) via conjugated Schiff bases 
having the characteristic N-C=C-C = N fluoromorphic system (Janero, 1990). 
However, the potential of MDA to modify biomolecules in vivo may be 
affected by the balance of MDA formation and MDA degradation. Potential 
pathways of MDA catabolism such as through an aldehyde dehydrogenase- 
mediated pathway (Marnett et al., 1985) or through a peroxidase-mediated 
pathway (MacDonald and Dunford, 1989) have been proposed. Several in vivo 
metabolites of bound MDA with amino acids or amino residues of proteins 
were reported (Draper et al, 1986; Draper et al., 1988). 
The high chemical reactivity of MDA is a concern for both the toxicity 
of MDA and the reliability of the thiobarbituric acid (TBA) assay for MDA. 
For example, the MDA-nitrite interaction may make the thiobarbituric acid 
(TBA) assay unusable in meat systems where nitrite is used in large excess 
(Kolodziejska et al., 1990), and the instability of MDA in the presence of H202 
may not only affect TBA assay, but also influence the actual level of MDA in 
vivo, resulting in alteration of its biological effect (Kostka and Kwan, 1989), 
because both MDA and H202 exist in systems such as senescing plant tissues 
(Brennan and Frenkel, 1977; Dhindsa et al., 1981; Ferguson et al., 1983), and 
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some lipid peroxidation-promoting systems (Pradhan et al., 1990; Farouk, et 
al., 1991). Here we show that MDA can be oxidized directly by both H202 and 
light-excited riboflavin in model systems. 
Materials and Methods 
MDA was prepared by hydrolyzing malonaldehyde bis(dimethyl acetal) 
in IN HC1, and the final pH was adjusted by IN NaOH to pH 6-7. 
The reaction of MDA and H202 was investigated in 0.05 M tris buffer 
(pH 7.0) with varying concentrations of MDA and H202 at room temperature 
unless indicated. The reaction course was monitored by measuring the 
disappearance of MDA and/or H202 at intervals. To measure the pH or solvent 
dependency of the reaction, MDA and H202 were incubated in tris buffers (pH 
10.4 or 7.0), monophosphate-hydroxide buffer (pH 6.0) or 0.5 N HC1 (pH 0.3) 
or 2 N HC1. pH change was measured at intervals in non-buffered aqueous 
reaction mixtures, the initial pH of which was adjusted by diluted HC1 or 
NaOH solutions. Absorbance spectra were recorded from a spectrophotometer. 
The oxidation of MDA by light-excited riboflavin was investigated in 
0.05 M phosphate buffer (pH 7.8) at room temperature. The reaction was 
monitored by measuring the superoxide anion generated by reoxidation of 
MDA-reduced riboflavin in the presence of 02 using a modification of the 
method of Dhindsa et al. (1981). The reaction mixture contained 0.05 M 
phosphate buffer (pH 7.8), 75 jxM nitro blue tetrazolium (NBT), 2 ^iM 
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riboflavin, and varying concentrations of MDA or MDA and 10 mM 
methionine. Three ml of reaction mixture in uniform transparent tubes were 
shaken and placed 50 cm below a light bank consisting of eight 15 W 
fluorescent lamps. The reaction was started by switching on the light and was 
allowed to proceed for 10 minutes. The reaction was stopped by switching off 
the light, and the absorbance by the reaction mixture at 560 nm was read as a 
measure of superoxide anion generated. An irradiated reaction mixture without 
MDA and methionine developed only slight color and served as control. The 
inhibition of NBT reduction by superoxide anion was demonstrated in the 
presence of 0 to 240 units of bovine liver superoxide dismutase (SOD) in the 
above reaction mixtures. 
MDA concentrations were determined by TBA assay according to Wilbur 
et al. (1949). Two ml of 20% tetrachloric acid (TCA) aqueous solution and 1 
ml of 0.67% TBA aqueous solution were added to 2 ml of the properly diluted 
reaction mixture in tubes. The tubes then were heated in a boiling water bath 
for 15 minutes, cooled quickly with running tap water and centrifuged at 
15,000 rpm for 15 minutes. The absorbance at 532 nm of the clear supernatant 
was recorded. MDA concentrations were calculated by using a molar 
absorbance coefficient of 1.56 x 105 M ’cm'1. 
H202 concentrations were determined according to Brennan and Frenkel 
(1977), modified as follows: one ml of properly diluted reaction mixture and 4 
ml of water were added to 1 ml of titanium reagent (20% titanic tetrachloride in 
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concentrated HC1, v/v). After mixing and standing for 5 minutes, the 
absorbance was taken at 415 nm against a blank without H202. H202 
concentrations were obtained by comparison with a standard curve of H202. 
To determine the reducing capacity of H202-MDA reaction mixture, 1 ml 
of the mixture was titrated against 0.01 M KMn04 in 15 ml of 2% (v/v) 
sulfuric acid until a faint purple color persisted for at least 15 seconds. A 
control was run without the reaction mixture. 
Data in tables are presented as means ± standard deviation, unless 
otherwise indicated, of at least three observations for individual points obtained 
in a typical experiment. In the graphs, error bars are standard errors and where 
there is no error bar, the magnitude of standard error was within the symbols. 
Malonaldehyde bis(dimethyl acetal) was purchased from Aldrich and 
hydrogen peroxide was from Mallinckrodt. Other chemicals were from Sigma. 
Results and Discussion 
MDA and H202 both decreased proportionally with time when 2 mM 
H202 and 10 mM MDA were incubated together in a tris buffer (pH 7.0) at 
room temperature (Figure 4.1). The rates of decrease were fastest during the 
first few hours of reaction. Similar results also were obtained when 2 mM 
MDA and 10 mM H202 were incubated (data not shown). Higher 
concentrations of MDA or H202 resulted in faster rates of decrease of either 
H202 (Figure 4.2A) or MDA (Figure 4.2B). However, an incomplete 
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hydrolysis of malonaldehyde bis(dimethyl acetal) (e.g. one hour in 0.01 N HC1) 
may greatly reduce the rate of decrease of either MDA or H202. Free MDA 
may undergo slow self-condensation in aqueous solutions (Kwon and Watts, 
1964). Kostka and Kwan (1989) first reported the instability of MDA in the 
presence of H202, however they did not simultaneously demonstrate the 
decomposition of H202 in the presence of MDA. The instability of MDA in the 
presence of H202 could be interpreted in two ways: (1) H202 accelerates the 
MDA decomposition just as any catalyzing factor in the system; or (2) H202 
reacts with MDA to form a new compound. However, our results strongly 
suggest that a reaction between MDA and H202, i.e. oxidation of MDA by 
H202, occurs in the systems, since MDA and H202 decreased proportionally. 
The reaction between MDA and H202 was greatly affected by pH and 
solvent in the reaction mixture. Both strongly acidic and alkaline conditions 
enhanced the reaction, as compared to the reaction in near neutral conditions 
(Figure 4.3A). With 2 N HC1 in the reaction mixture, the reaction went nearly 
to completion within minutes, as measured by the decrease of H202 (Figure 
4.3B). However, little decrease of H202 was observed if the reaction was 
conducted in 60% acetone or ethanol at pH 7.0, while in the presence of 2 N 
HC1, the reaction was greatly enhanced both in pH 7.0 aqueous solution and in 
60% acetone or ethanol solution (Figure 4.3C). It seemed that the reaction was 
favored probably more by aqueous solutions than by organic solvents such as 
acetone or ethanol. 
59 
A slow pH drop occurred during oxidation of MDA by H202 at relatively 
high pH conditions (Figure 4.4). This suggests that MDA is oxidized either into 
carboxylic compound, i. e. malonaldehydate or malonic acid by H202. The 
proportional disappearance of both MDA and H202 (Figure 4.1) suggests that 
the oxidation of MDA by H202 is a 1 : 1 reaction. The small difference 
between the rates of decrease for MDA and H202 (Figure 4.1) could be due to 
the self-condensation of MDA, as shown in Figure 2B. The ratio of 
H202/MDA, however, remained close to unity (0.97 ± 0.02) after a 120-hour 
reaction regardless of the concentrations of H202 or MDA in the systems, as in 
the reactions shown in Figures 4. 1 and 4.2. When equal amounts of 30 mM 
H202, MDA, or mixture of H202 or H202-oxidized MDA were titrated with 
0.01 M KMn04, it was observed that MDA consumed twice the amount of 0.01 
M KMn04 as H202 alone, and a mixture of equal amounts of MDA and H202 
consumed almost three times the amount of KMn04 when titrated immediately 
after mixing, compared to H202 at the same concentration. The H202-oxidized 
MDA, i.e. mixture of equal amounts of MDA and H202 after 120-hour reaction 
at room temperature, consumed only about one-third as much 0.01 M KMn04 
compared to the mixture titrated immediately after mixing (Table 4.1). This 
indicates that half of the aldehyde groups in MDA remained unchanged after 
the H202-MDA reaction. Thus, the data favor the possibility that the MDA was 
oxidized into malonaldehydate in the model systems. 
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Comparing UV absorbance spectra further indicated malonaldehydate 
formation during MDA oxidation by H202. As shown in Figure 4.5, MDA has 
a single maximum at 265 nm, which is close to reported maximum at 267 nm 
(Janero, 1990), while malonic acid has no maximum in the wavelength range of 
190-300 nm. The UV spectrum of H202-oxidized MDA was estimated by 
subtracting the absorbances of 4 mM H202 from the absorbances of the mixture 
of 0.1 mM MDA and 4 mM H202. The UV spectrum of H202-oxidized MDA, 
with a maximum at about 210 nm, was clearly different from that of either 
MDA or malonic acid. We conclude that MDA is oxidized by H202 into 
malonaldehydate in the system reported here. 
Reduction of light-excited flavins has been reported when proper electron 
donors such as EDTA or methionine are present, and superoxide anion can be 
generated when the reduced flavins are reoxidized in the presence of 02 
(Beauchamp and Fridovich, 1971; Vargas and Maurino, 1987). The ability to 
reduce dyes by superoxide anion generated in the above system offers a 
measure of the reduction-oxidation-reduction cycle of flavins, and this system 
became a routine assay of SOD activity using methionine as electron donor and 
NBT as the final electron receptor (Beauchamp and Fridovich, 1971). MDA, 
alone or combined with methionine, was oxidized as an electron donor by light- 
excited riboflavin in this system, and furthermore MDA was much more 
effective (about 150 times) than methionine as an electron donor in terms of the 
proper concentrations needed to generate superoxide ion (Figure 4.6). The 
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ability of the MDA-riboflavin or MDA-methionine-riboflavin system to 
generate superoxide anion in the presence of 02 was determined by inhibiting 
the NBT reduction with bovine liver SOD (Figure 4.7). However, H202- 
oxidized MDA alone exhibited less than 10% of the activity of MDA alone in 
the above system. Whether the residual activity of H202-oxidized MDA in this 
system was due to an incomplete oxidation of MDA by H202, or to the product 
of H202-oxidized MDA, is not known. 
Both MDA and H202 are toxic to living cells due to their high chemical 
activity, and they exist in vivo at concentrations similar to those tested in our 
system (Dhindsa et al., 1981; Brennan and Frenkel, 1977). Toxicity of H202 
may be from its oxidative ability, as reported by Chevalier et al. (1990) and 
Kell and Steinhart (1990). H202 also was reported to be associated with 
responses to physiological processes such as senescence (Chin and Frenkel, 
1977; Takahama, 1989; Trippi et al., 1989) and stresses (Rich et al., 1976; 
Murphy and Huerta, 1990; Apostol et al., 1989) in plants. Although H202 is 
catabolized by catalase and peroxidases, it accumulates under some conditions 
such as stresses (Tanaka et al., 1982). However, oxidation of MDA by H202 in 
vivo might reduce toxicity of both MDA and H202, but more significantly 
reduce the toxicity of MDA because the concentrations of H202 are usually 
much higher than those of MDA in vivo (Dhindsa et al., 1981; Brennan and 
Frenkel, 1977). Thus, the direct oxidation of MDA by H202 may contribute 
greatly to the degradation of MDA in vivo. However, MDA is produced by 
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lipid peroxidation associated with biological membranes where hydrophobic 
conditions usually exist. This hydrophobicity may retard the oxidation of MDA 
by H202, because the oxidation of MDA by H202 is favored by strong 
hydrophilic or ionized conditions. Thus, the distribution of MDA in cells also 
may affect its degradation. However, MDA may react in situ with membrane 
lipids or proteins before it is released to cell saps, and also may be oxidized by 
other strong oxidants in vivo. The MDA-H202 interaction may similarly exist in 
most foodstuff systems, because both MDA and H202 (or other peroxides) can 
be produced simultaneously in the lipid peroxidation process (Gray, 1978; 
Pompella et al., 1987). 
Both MDA and flavins exist in living cells, recendy, flavin-mediated 
photoinactivation of nitrate reductase was reported in spinach to involve 
superoxide radical (Vargas and Maurino, 1987). However, whether the MDA- 
riboflavin or other similar systems exist in vivo is not known. If they exist, this 
system also may contribute to the toxicity of MDA in vivo because of the 
toxicity of superoxide anion (Winston, 1990). Thus, the reality for the toxicity 
of MDA in vivo could be very complicated, and should depend on its 
formation, distribution, degradation including oxidation by H202 or light-excited 
flavins, and its interactions with other compounds. However, since the current 
data were obtained from model systems, further experiments are needed to 
evaluate the biological effects of the MDA oxidation in either living tissues or 
63 
food materials. In addition, caution must be taken if a TBA assay is conducted 
in systems where substances such as H202 and riboflavins exist. 
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Table 4.1. Consumption of 0.01 M KMn04 in titration of solutions of H-CX. 
MDA or MDA-H202 reaction mixture*. 
Solutions 
0.01 M KMn04 
consumed (ml) 
Normality ratio 
KMn04 : reductant 
1 ml of 30 mM H202 (A) 3.0 ± 0.07 1 : 1.00 
1 ml of 30 mM MDA (B) 5.8 ± 0.21 1 : 1.93 
A + B (titrated immediately) 8.7 ± 0.24 1 : 2.93 
A + B (titrated after 120 hours) 3.1 ± 0.17 1 : 1.13 
* The product mixture was prepared from the reaction of 30 mM H20- 
and 30 mM MDA for 120 hours. Data are means + SD of three observations. 
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Time (hours) 
Figure 4.1. Changes in MDA and H202 concentrations during the H202-MDA 
reaction. The reaction mixture contained 0.05 M tris butter (pH 7.0), 2 mM 
H202 and 10 mM MDA. Standard error bars are within symbols. 
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Figure 4.2. Effects of MDA or H202 concentrations on decreases of H202 or 
MDA in the reaction mixture in tris buffer (pH 7.0). A: The reaction mixture 
contained 2 mM H202 and 0, 2, 5, or 15 mM MDA; B: The reaction mixture 
contained 2 mM MDA and 0, 2, 4, or 6 mM H202. Standard error bars are 
within symbols. Standard error bars are within symbols. 
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Figure 4.3. Effects of pH and solvent on H202-MDA reaction as measured by 
decreases of H202 in the reaction mixture. A: reaction of 4 mM H202 and 4 
mM MDA in four different pH solutions; B: reaction of 2 mM H202 and 10 
mM MDA in 2 N HC1 solution; C: reactions of 2 mM H202 and 2 mM MDA 
in water, 60% acetone or ethanol aqueous solutions. The H202 concentrations 
were measured after 48 and 0.25 hours of reaction at pH 7.0 and 2N HC1 
solution, respectively. Where there is no error bar, the standard error bars are 
within symbols. Where there is no error bar, the standard error bars are within 
symbols. 
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Figure 4.4. pH changes of the non-buffered reaction mixtures in the course of 
H202-MDA reaction. The initial pH of the reaction mixture containing 4 mM 
H202 and 4 mM MDA was adjusted by diluted HC1 or NaOH to the values as 
indicated. Standard error bars are within symbols. 
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Wovelength (nm) 
Figure 4.5. UV absorbance spectra of MDA, H202, malonic acid, H202-MDA 
reaction mixture and H202-oxidized MDA. The reaction mixture contained 0.1 
mM MDA and 4 mM H202 and its UV absorbance spectrum was recorded after 
72 hours of reaction at room temperature. The spectrum of the product of 
H202-oxidized MDA was estimated by subtracting the spectrum of 4 mM H202 
from the spectrum of the reaction mixture. 
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Molondioldehyde (mM) 
Methionine (mM) 
Figure 4.6. Oxidation of MDA by light-excited riboflavin in the MDA- 
riboflavin and MDA-methionine-riboflavin systems. The oxidation of MDA was 
measured by the ability to reduce NBT, i.e. the increase of OD560, of 
superoxide anion generated in the presence of 02 in the systems. The 
methionine-riboflavin system is displayed for comparison. 
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Figure 4.7. Inhibition by bovine liver SOD of NBT reduction by superoxide ion 
generated in the MDA-riboflavin or MDA methionine-riboflavin system. 
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CHAPTER 5 
LIPID PEROXIDATION AND RELATED ENZYME ACTIVITIES 
DURING FRUIT MATURATION AND SENESCENCE 
OF CORTLAND APPLES (Malus domestica Borkh.) 
Abstract 
Lipid peroxidation and related enzyme activities were investigated in pre¬ 
harvest maturing and post-harvest senescing Cortland apples. Lipid peroxidation 
products and catalase and peroxidase activities were high throughout fruit 
maturation, but increased slightly at the onset of ripening. Ethephon treatment 
before harvest increased the accumulation of lipid peroxidation products and also 
increased catalase activity in apple peel,while bagging fruit before harvest reduced 
lipid peroxidation products but enhanced catalase activity. During low temperature 
storage, superoxide dismutase (SOD) activity rapidly declined and catalase and 
peroxidase activities slightly increased. Results suggest that lipid peroxidation was 
involved in fruit ripening, but did not increase during senescence at low 
temperature. 
Introduction 
There is increasing evidence that free radical-mediated lipid peroxidation is 
an integral part of plant senescence (Thompson, 1988; Winston, 1990). Products 
of lipid peroxidation have been found to accumulate during senescence in different 
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tissues (Brennan and Frenkel, 1977; Dhindsa et al., 1982; Buchvarov and 
Grantcheff, 1984), and catalase, peroxidase and superoxide dismutase (SOD) have 
been reported to play defensive roles against free radical damage to living tissues 
(Halliwell, 1974; Kar and Mishra, 1976; Rabinowitch and Sklan, 1980). However, 
free radical-mediated lipid peroxidation is not associated solely with senescence, 
being associated also with other physiological events, such as responses to chilling 
(Parkin and Kuo, 1989; Bramlage and Meir, 1990), air pollution (McKersie et al., 
1982; Malan et al., 1990), freezing (Ganthavorn and Powers, 1988), and 
wounding (Thompson, 1987). 
Fruit maturation and ripening, physiological processes which proceed 
shortly before or during senescence, display many similarities to the senescence 
process, but little is known about the relationship of fruit maturation and ripening 
with free radical-mediated lipid peroxidation, although peroxides, products often 
produced from lipid peroxidation, were reported to be involved in fruit ripening 
(Frenkel, 1972; Chin and Frenkel, 1977). Recently, Meir et al. (1991) reported 
evidence of increased lipid peroxidation 3 days before the onset of the ethylene 
climacteric in avocado peels. The present study was carried out to investigate (a) 
changes in lipid peroxidation products and related enzyme activities during 
0 
maturation and ripening of apples; (b) possible relationships of lipid peroxidation 
with maturation and ripening; and (c) similarities in lipid peroxidation between 
changes during preharvest maturation and during postharvest ripening and 
senescence in storage. 
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Materials and Methods 
Plant Materials 
Mature apple trees (Malus domestica Borkh. cv Cortland) were grown under 
standard horticultural conditions at the University of Massachusetts Horticultural 
Research Center, Belchertown, Mass. 
Three experiments were conducted. In the first, 5 individual trees were 
sprayed with 500 ppm ethephon on 16 August 1989. Apples were harvested on 
6 and 13 Sept. 1989. At both harvests, ethephon had greatly advanced fruit 
ripening, as indicated by starch hydrolysis, flesh firmness, and ethylene 
production, and control fruit were still preclimacteric at both harvests (Barden and 
Bramlage, 1993). 
In the second experiment, 200 to 250 fruit on each of 5 trees were enclosed 
in kraft paper bags in mid-August, 1989. On 18 Sept, and 2 Oct., fruit were 
harvested from each of these trees and from each of 5 control trees. Bagging did 
not influence fruit ripeness at harvest, as indicated by starch hydrolysis, flesh 
firmness, or ethylene production. On 18 Sept, fruit were preclimacteric, and on 
2 Oct. they were entering the ethylene climacteric (Barden and Bramlage, 1993). 
To show the changes that occurred during fruit maturation, data for the 
control fruit from the ethephon and bagging experiments were assembled into a 
sequence of 4 harvest dates ranging from 6 Sept to 2 Oct. 
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A third experiment was conducted to measure changes during storage at OC. 
Fruit were harvested from 3 trees, on 26 Sept. 1990, and stored at OC in air. At 
4-week intervals. 10 fruit from each tree were removed from storage for analysis. 
In each of the above experiments, individual trees served as replications. At 
each sampling time, 10 fruit per replication were peeled with a mechanical peeler, 
and peels were frozen immediately in dry ice and stored at -25C until use. 
Analyses of Lipid Peroxidation 
Extraction. Ten grams of frozen peel were homogenized in a blender with 
50 ml of cold acetone for 3 min and filtered through Whatman no. 4 paper. The 
filtrate was brought to 75 ml with water and kept at 4C under refrigeration for 
measurements. 
Measurements. Two groups of products of lipid peroxidation were 
measured in the present study. The thiobarbituric acid-reactive substances 
(TBARS) were measured using the thiobarbituric acid assay modified for plant 
tissues as described previously (Du and Bramlage, 1992), and expressed as 
malondialdehyde (MDA) equivalents/g fw. Total peroxides were determined 
according to Brennan and Frenkel (1977), modified as follows: 1 ml of properly 
diluted extract and 4 ml of water were added to 1 ml of titanium reagent (20% 
titanic tetrachloride in concentrated HC1, v/v). After mixing and standing for 5 
min, the absorbance was measured at 415 nm against a blank containing all 
components except the extract. A standard curve was made from commercial 
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hydrogen peroxide and gave good linearity for concentrations of less than 2 mM. 
The total peroxides were expressed as H202 equivalents/g fw. 
Assays of Enzyme Activities 
Extraction. Two g of frozen tissue were ground with a mortar and pestle 
in 10 ml of 50 mM phosphate buffer (pH 7.0, containing 0.2% insoluble 
polyvinylpyrrolidone, 0.1 mM EDTA and 3 mM MgCl2), and a small amount of 
washed sand. The homogenate was centrifuged at 15,000 g for 15 min and the 
supernatant obtained was used for assays of enzyme activities. All steps in 
preparation of the extract were carried out at 0-4C. Enzyme activities were all 
expressed as units/g fw. 
Assay of Catalase. Catalase activity was assayed by the ability to 
decompose H202. Four ml of assay mixture (50 mM Tris buffer, pH 6.8, 
containing 5 mM H202) were added to 0.5 ml of extract. After 10 min at 20C, the 
reaction was stopped by adding 0.5 ml of titanium reagent, described above. The 
resulting solution was appropriately diluted and the residual H202 was determined 
as described above for total peroxides. A control was run at the same time, in 
which the enzyme activity was stopped at ’zero’ time. One unit of catalase activity 
is defined as the amount of enzyme that decomposed 0.01 /xmoles of H202/min 
under the assay conditions. 
Assays of Peroxidase and Polyphenoloxidase (PPO). The activities of 
peroxidase and PPO were assayed essentially according to Kar and Mishra (1976). 
One unit of activity of peroxidase or PPO is defined as the amount of the 
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enzyme which caused an increase of 0.1 in the absorbance at 420 nm by the 
purpurogallin formed in the assay. 
Assays of SOD. The total activity and the activities of the 3 isozymes of 
SOD (i.e. CuZn-SOD, Fe-SOD and Mn-SOD) were measured. The assays were 
according to Beauchamp and Fridovich (1971) and Dhindsa et al. (1981) by 
measuring the ability of SOD to inhibit the photochemical reduction of nitro blue 
tetrazolium (NBT). The assay mixture contained 50 mM phosphate buffer, pH 7.8, 
13 mM methionine, 75 /zM NBT, 2 riboflavin, 0.1 mM EDTA, and 100 jd 
of enzyme extract. Three ml of the assay mixture in uniform transparent tubes 
were shaken and placed 50 cm below a light bank consisting of eight 15 W 
fluorescent lamps. The reaction was started by switching on the lights and was 
allowed to proceed for 10 min. The reaction then was stopped by switching off the 
lights, and the absorbance by the assay mixture at 560 nm was read. There was 
no measurable effect of the diffuse room light. The non-irradiated assay mixture 
did not develop color and served as control, and the assay mixture lacking enzyme 
extract developed maximum color, which decreased with increasing amount of 
extract added. One unit of SOD activity is defined as the amount of enzyme that 
inhibited the NBT photoreduction by 50% under the assay conditions. However, 
the percent inhibition was not linear with the SOD concentration. Thus, the activity 
of SOD in terms of units was calculated from transformed data as described by 
Asada et al. (1974) and Giannopolitis and Ries (1977). SOD units/ml 
= (Vo/V - l)*(dilution factor), where Vo is the slope of the change in absorbance 
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in the absence, and V in the presence, of enzyme extract. The transformation 
resulted in a linear correlation between the SOD activity and the amount of the 
extract used in this study (Vo/V = 0.989 + 0.48 [/xl], R = 0.951***). According 
to Salin (1988), CuZn-SOD is inhibited by CN and by H202, Fe-SOD is resistant 
to CN but inactivated by H202, and Mn-SOD is resistant to both inhibitors. Thus, 
the total SOD activity was assayed in absence of both CN' and H202, and the Mn- 
SOD in the presence of both CN and H202. The activity of Fe-SOD was 
calculated from the activity of Mn-SOD by subtracting the activity in the presence 
of CN only. The CuZn-SOD activity was calculated from the total SOD activity, 
by subtracting from it the activity in the presence of H202. 
Data are presented as means ± standard errors, of at least 3 replications for 
individual points in graphs unless otherwise indicated, or are separated F test. 
Results 
Measurements of apple peel and apple flesh at harvest time varied greatly. 
On the basis of fresh tissue (Gram), apple peel contained more than twice the 
concentration of TBARS as did apple flesh, and about 30 times the concentration 
of total peroxides (Figure 5.1 A). Also, catalase activity in the peel was twice as 
high as in flesh, while peroxidase and FPO activities were about 3 times as high 
in the peel as in flesh (Figure 5.IB). All the differences between the peel and the 
flesh were significant at p=0.05. 
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Both TBARS and peroxides changed essentially in parallel during maturation 
(Figure 5.2A). Both appeared to decline and then rise. Catalase activity was 
constant at the first two harvests, but increased two-fold by the last harvest time 
(Figure 5.2B), when fruit were at the beginning of the ethylene climacteric 
(Barden and Bramlage, 1993). Peroxidase activity was constant through the third 
harvest, but increased slightly at the fourth harvest. PPO remained unchanged 
during maturation. 
Ethephon spray before harvest enhanced the formation of TBARS and 
peroxides (Figure 5.3A). It also increased the activities of catalase in the fruit 
peel, but the activities of peroxidase and PPO were not significantly affected by 
ethephon treatment (Figure 5.3B). Among the ethephon-treated fruit, total 
peroxides and catalase activity increased with later harvest, while TBARS, 
peroxidase and PPO remained essentially the same (Table 5.1). 
In the bagging experiment, bagged fruit contained significantly lower 
concentrations of TBARS and peroxides (Figure 5.4 A), and higher catalase activity 
(Figure 5.4B) than control fruit, while activities of peroxidase and PPO were not 
affected by bagging (Figure 5.4B). Among bagged fruit, all measurements except 
catalase remained almost the same as maturation proceeded (Table 5.1). Catalase 
activity increased with later harvest. 
Fruit in storage exhibited an increase of TBARS and peroxides during the 
first 4 weeks of storage at OC (Figure 5.5A). TBARS concentration returned to the 
basal level by 8 weeks and remained constant thereafter, while total peroxides 
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remained at this slightly elevated level until the final sampling (Figure 5.5A). 
Catalase activity increased during the first 4 weeks at OC, and then remained at 
this level (Figure 5.5B). Peroxidase activity appeared to increase slowly over time 
at OC, while PPO activity remained essentially constant. Total SOD activity 
rapidly declined early in storage. However, Fe-SOD dropped gradually in storage, 
while CuZn-SOD and Mn-SOD only dropped early in storage and then levelled off 
(Figure 5.5C). Fe-SOD, CuZn-SOD and Mn-SOD accounted for about 41 %, 40% 
and 19%, respectively, of the total activity of SOD during the whole storage 
period. 
Discussion 
In these experiments lipid peroxidation, as measured by its products TBARS 
and total peroxides, tended to increase slightly during maturation, and the activities 
of catalase and peroxidase increased late in maturation, while PPO activity 
remained unchanged during the period (Figure 5.2). Ethephon treatment before 
harvest produced essentially these same results except that they occurred at an 
earlier date (Figure 5.3). Since ethephon initiated ripening, and the increase seen 
in Figure 5.2 coincided with the onset of the ethylene climacteric, both sets of data 
indicate that increased products of lipid peroxidation corresponded with ripening, 
as did an increase in catalase activity. 
Bagging fruit before harvest reduced TBARS and peroxides in the fruit, 
presumably due to the lower light intensity in the bags. Bagging enhanced catalase 
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activity but had no effect on peroxidase and PPO. This suggests that the higher 
catalase activity may have reduced the accumulation of lipid peroxidation products 
in the bagged fruit, but this altered concentration of lipid peroxidation products did 
not alter ripening, which was similar in both bagged and control fruit (Barden and 
Bramlage, 1993). 
Several reports attribute significant roles to lipid peroxidation during plant 
senescence or other physiological stresses (Trippi et al., 1989; Upadhyaya et al., 
1985; Kuo and Parkin, 1989). The lipid peroxidation is often assumed to be an 
initiating factor in membrane deterioration during senescence (Sylvestre and 
Paulin, 1987; Thompson et al., 1987). In apples, lipoxygenase activity (Feys 
et al., 1980; Feys, 1985) and membrane fluidity (Paliyath et al., 1984) were 
reported to be associated with the fruit senescence. In our present study, products 
of lipid peroxidation did not accumulate progressively with prolonged storage, but 
displayed an early increase and then a decline, while catalase and peroxidase 
activities remained at a high level during storage (Figure 5.5). The early burst of 
TBARS and peroxides may have accompanied the respiratory and ethylene 
climacterics, which should have occurred during this period of storage at 0C in 
Cortland apples. The possible relationship between lipid peroxidation and ethylene 
were reported by others (Chin and Frenkel, 1977; Frenkel et al. 1976; Sylvestre 
and Paulin, 1989). A similar pattern of peroxide accumulation was observed in 
pears by Brennan and Frenkel (1977). The decrease of TBARS and peroxides after 
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the peak in storage may have been due to the increased activities of catalase and 
peroxidase. 
In some other cases, peroxidation was observed to be involved in the fruit 
ripening process (Frenkel, 1972 and 1978). Our results here suggested that the 
fruit maturation process also is associated with lipid peroxidation. At a relatively 
early stage of maturation (e.g. the first harvest in our experiment), the fruit 
already had accumulated considerable lipid peroxidation products, which were at 
nearly the same concentrations as at the end of postharvest storage. If lipid 
peroxidation is considered as an initiating factor in fruit ripening, it did not start 
at the onset of ripening, but rather, did so in a much earlier stage of fruit 
maturation. 
The superoxide radical is potentially toxic to cells, and it is removed by 
SOD (Winston, 1990). There are increasing reports of the 3 isozymes of SOD in 
higher plants (Giannopolitis and Ries, 1977; Drollard and Paulin, 1990; Becana 
et al., 1989), and all were detected in apple peel in our experiments. However, all 
of the isozymes displayed similar changes in storage, declining rapidly with 
storage time in Cortland apple peel (Figure 5.5). With these declines in SOD 
activity, more lipid peroxidation may proceed, producing more peroxides which 
therefore need more catalase or/and peroxidase to destroy them to maintain a 
relative balance. The decline in SOD corresponded with small increases in TBARS 
and total peroxides (Figure 5.5A), but also with slight increases in catalase and 
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peroxidase (Figure 5.5B). The interrelationship between SOD activity and catalase 
and peroxidase activity needs more attention. 
In conclusion, our results suggest that lipid peroxidation is not only involved 
in fruit ripening, but also in fruit maturation of apples. The lipid peroxidation in 
maturing fruits may begin in an early stage of fruit maturation. The accumulation 
of lipid peroxidation products during senescence in low temperature storage 
seemed to be under regulation by defense enzymes such as catalase, peroxidase, 
and SOD, since neither TBARS nor total peroxides increased with fruit 
senescence. This control may be an important defense against rapid senescence, 
since apples sene see slower than many other fruit. 
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Table 5.1. Effects of maturation on concentrations of lipid peroxidation 
products and on activities of related enzymes in peel of apple fruit treated with 
ethephon or bagged before harvest8. 
Harvest TBARS Peroxides Catalase Peroxidase PPO 
date (nmol/g fw) (mmol/lOOg fw) (units/g fw) 
Ethephon-treated fruit 
6 Sept 60.0 1.18 49.2 28.3 44.4 
13 Sept 63.8 1.41 75.1 32.0 42.3 
Significance ns *** * ns ns 
Bagged fruit 
18 Sept 48.4 1.04 68.0 24.3 40.3 
2 Oct 50.4 1.09 137.4 29.0 44.0 
Significance ns ns * ns ns 
8 Data were means of 5 replications for TBARS and peroxides, and of 3 
replications for enzyme measurements 
b ***^ and ns are significance at p=0.001, 0.05 level, or non- 
significance. 
Figure 5.1. Comparison of (A) lipid peroxidation products, and (B) related enzyme 
activities between apple peel and flesh tissues sampled at harvest on 26 Sept., 
1990. 
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Figure 5.2. Changes during fruit maturation of apples in (A) TBARS and total 
peroxides, and (B) activities of catalase, peroxidase and PPO. Harvest dates are 
all in 1989. Lack of error bars indicates that S.E. were within the area of the 
symbols. 
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Figure 5.3. Effects of preharvest ethephon application on (A) accumulation of 
TBARS and peroxides, and (B) related enzyme activities in apple peel at harvest 
on 6 Sept., 1989. 
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Figure 5.4. Effects of preharvest bagging treatment on (A) accumulation of 
TBARS and peroxides, and (B) related enzyme activities in apple peel at harvest 
on 18 Sept., 1989. 
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Figure 5.5. Changes of (A) TBARS and peroxides, (B) activities of catalase 
peroxidase and PPO (B), and (C) activities of SOD isozymes in pee ol Cort an 
apples during storage at OC. Fruit were harvested on 26 Sept., 1990. Lack of error 
bars indicates that S.E. were within the area of the symbols. 
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CHAPTER 6 
LIPID PEROXIDATION AND ACTIVITIES OF RELATED ENZYMES 
DURING STORAGE OF APPLES (Malus domestica Borkh.): 
EFFECTS OF TEMPERATURE 
Abstract 
Changes in lipid peroxidation and activities of related enzymes in peel of 
senescing apples (Malus domestica Borkh. cv Empire) were investigated at 2 
storage temperatures, OC and 20C. Concentrations of the lipid peroxidation 
products thiobarbituric acid-reactive substances (TBARS) and total peroxides, 
and activities of catalase, peroxidase, polyphenoloxidase (PPO) and superoxide 
dismutase (SOD) generally underwent marked changes shortly after fruit 
harvest, regardless of temperature, after which measurements returned to near 
harvest values. These may have been ripening-related events. 
There were some differences in changes over prolonged time between the 
2 storage temperatures, but there were no striking differences in the overall 
levels of most measurements between temperatures. After 12 or 24 weeks of 
storage at OC, catalase activity was higher than before low temperature storage. 
When fruit were transferred from OC to 20C at these times at OC, catalase 
activity rapidly fell to harvest level. After transfer to 20C, concentrations of 
both TBARS and total peroxides increased, perhaps as a residue result of 
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chilling at OC. Peel tissues with senescent breakdown symptoms had much 
higher TBARS and peroxides and enzyme activities than healthy peel tissues. 
Introduction 
Lipid peroxidation is believed to be a factor in development of plant 
tissue senescence (Buchvarov and Grantcheff, 1984; Dhindsa et al. 1981; 
Thompson et al., 1987) and in responses to some physiological stresses such as 
wounding (Thompson, 1988) and air pollution (McKersie et al., 1982; Malan et 
al., 1990). Temperature-dependent stress is significant during postharvest 
storage of fruit and vegetables. At both freezing and chilling temperatures, 
plant tissues can be severely injured. A number of factors can contribute to the 
low temperature damage, depending on the temperature, duration of storage and 
recovering conditions (Saltveit and Morris, 1990). Recently, the involvement of 
lipid peroxidation was recognized both under freezing conditions (Ganthavorn et 
al. 1988) and under chilling conditions (Feys et al., 1980; Kuo and Parkin, 
1989). Apple is a temperate-origin fruit species which develops chilling injury 
at storage of temperatures near OC (Bramlage and Meir, 1990). It also has been 
reported that lipoxygenase and membrane fluidity are associated with fruit 
senescence in storage (Feys, 1985; Paliyath et al. 1984). However, lipid 
peroxidation products such as malonaldehyde or thiobarbituric acid-reactive 
substances (TBARS), and activities of enzymes such as catalase, peroxidase and 
superoxide dismutase (SOD) which can protect cells from peroxidation 
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products, seldom have been reported in apple fruit, especially as they relate to 
senescence and chilling stress. The purpose of the present study is to investigate 
changes in lipid peroxidation and related enzyme activities during senescence of 
apples with an emphasis on effects of temperature and on possible relationships 
of these changes to chilling damage. 
Materials and Methods 
Plant Materials 
Mature apple trees (Malus domestica Borkh. cv Empire) grown under 
standard horticultural conditions at the University of Massachusetts 
Horticultural Research Center, Belchertown, Massachusetts, were used as 
sources of fruit. About 400 Fruit were harvested from each of 4 trees, with 
each tree serving as a replication, on 27 Sept., 1990 at commercial maturity. 
Harvested fruit then were stored in air either at 20C for up to 6 weeks or at 0C 
for up to 24 weeks. At both temperatures, samples were taken at intervals for 
assays. After 0, 12, or 24 weeks at 0C, 60 fruit were transferred to 20C, and 
every 2 days (to a total of 10 days) fruit were sampled for assay. Each 
sampling consisted of 10 fruit, which were peeled using a mechanical peeler, 
and were frozen immediately with dry ice and stored at -25C until use. Only 
the fruit peel was used for analysis. After 24 weeks at 0C, senescent breakdown 
was present in some fruit; 10 healthy fruit and 10 senescent fruit (fruit 
which developed visible symptoms of senescent breakdown) were selected 
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within each replication. Peel tissue was taken from healthy fruit as described 
above, while senescent peel tissue was obtained by only peeling the fruit 
surface where senescent breakdown symptoms were evident. 
Procedures for analyses of the lipid peroxidation products TBARS and 
total peroxides, and for assays of activities of catalase, peroxidase, PPO and 
SOD are the same as described in Chapter V (Materials and Methods). Enzyme 
activities were all expressed as units/g fw. 
Data were presented as means of 4 replications for individual points in 
graphs unless otherwise indicated. Means also were separated by LSD or 
orthogonal polynomial comparisons when applicable. 
Results 
Effects of Storage Temperature 
Overall, storage temperature did not greatly affect measured values in 
fruit peel (Table 6.1). Only catalase activity was substantially affected by 
storage temperature, being lower at 20C than at OC. TBARS were slightly 
lower in fruit stored at 20C rather than OC. 
However, marked changes occurred over time. TBARS and peroxides in 
apple peel displayed similar changes at both OC and 20C (Figure 6.1). Shortly 
after harvest, fruit exhibited an upsurge in concentrations of TBARS and 
peroxides, and then a decline to the initial levels. At 20C, TBARS and 
peroxides then increased slightly after prolonged storage, but this late increase 
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did not occur during storage at OC. Catalase activity changed similarly to 
concentrations of TBARS and peroxides except that a late increase occurred at 
OC and not at 20C (Figure 6.2A). In contrast, peroxidase activity appeared to 
decline soon after fruit harvest and then to rise to the original level, regardless 
of temperature (Figure 6.2B). It then rose after prolonged storage at 20C, but 
not at OC. PPO activity increased at OC shortly after harvest and then declined 
to the original level, while at 20C the increase occurred later and persisted 
through the remaining storage time (Figure 6.2C). 
Total SOD activity underwent similar changes at both temperatures 
(Figure 6.3A). It declined sharply soon after harvest and then increased to the 
original level; at OC, it then slowly declined overtime. CuZn-SOD accounted 
for about half of the total activity of SOD and exhibited changes similar to 
those of total SOD (Figure 6.3B). Mn-SOD activity also exhibited a pattern of 
change generally similar to that of total SOD (Figure 6.3D). In contrast, Fe- 
SOD first rose sharply soon after harvest at both temperatures, and then 
dropped late in storage (Figure 6.3C). 
At the end of the experimental period, the remaining 140 fruit were 
examined for disorders. The only prevalent one was senescent breakdown, and 
8% and 37% of fruits at 20C and OC, respectively, exhibited the symptoms. 
Effects of Storage Duration at OC 
To determine if time at OC (chilling temperature) affected lipid 
peroxidation at 20C (non-chilling temperature), fruit stored at OC for 0, 12, or 
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24 weeks were transferred to 20C and assayed after 0 to 10 days. Fruit not 
previously stored at 0C produced a burst of TBARS at 7 days, and a burst of 
peroxides at 5 days at 20C (Figure 6.4). After 12 weeks of storage at 0C, 
TBARS and peroxide concentrations increased slightly upon transfer to 20C 
(Figure 6.4), an increase that did not occur during continued storage at 0C, or 
after being transferred from 24 weeks at 0C. 
Catalase activity at 20C increased soon after harvest and then declined 
(Figure 6.5A), as seen previously (Figure 6.2A). At 0C, catalase had reached 
its highest value by 12 weeks, and returned that level of activity at 24 weeks 
(Figure 6.2A). When transferred to 20C at each of these times, catalase activity 
declined rapidly to about 25% of its activity at 0C storage for both 12 and 24 
weeks (Figure 6.5A). Neither peroxidase (Figure 6.5B), nor PPO (Figure 6.5C) 
activity declined upon transfer to 20C; indeed, activities of both enzymes 
increased slightly after transfer. 
After 12 and 24 weeks at 0C, total SOD activity was slowly declining 
(Figure 6.3A). When samples were transferred to 20C at these intervals, no 
consistent changes occurred (Figure 6.6A). Activities of both Cu-Zn SOD 
(Figure 6.6B) and Mn-SOD (Figure 6.6D) were similar to that of total SOD. 
For Fe-SOD (Figure 6.6C), after 24 weeks at 0C activity increased on transfer 
to 20C, but it declined to base level after 10 days at 20C and this increase did 
not occur upon transfer after 12 weeks at 0C. 
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After 10 days at 20C following 0, 12, and 24 weeks of storage at 0C, 
0%, 27%, and 37% of the fruit, respectively, developed symptoms of senescent 
breakdown. 
Differences Between Healthy and Senescent Tissues 
As described in Materials and Methods, senescent tissues were taken 
from the surface area with visible symptoms of senescent breakdown. In healthy 
tissues, lipid peroxidation products of TBARS and peroxides were substantially 
lower than in senescent tissues (Figure 6.7A). The activities of catalase, 
peroxidase and total SOD also were much lower in healthy than in senescent 
tissues. Among the 3 isozymes of SOD, CuZn-SOD and Mn-SOD were 
significantly lower in healthy tissue than in senescent tissue, but Fe-SOD was 
not significantly different between tissues (Figure 6.7). PPO activity was the 
same in both healthy and senescent tissues, even though the senescent tissues 
had turned brown. 
Discussion 
In the present investigation, it was noticed that lipid peroxidation 
experienced an upsurge at about 7 days at 20C or about 2 weeks at 0C 
following harvest (Figure 6.1). This increase could be related to the onset of 
fruit ripening, or the climacteric process. Empire apples were reported to 
usually begin their climacteric 1 to 2 weeks after commercial harvest (Chu, 
1988). Peroxide upsurge also was reported during ripening of pears (Brennan 
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and Frenkel, 1977) and to be related to ethylene (Frenkel et al., 1976; Chin and 
Frenkel, 1977; Sylvestre et al., 1987). Conversely, peroxidase (Figure 6.2B) 
and SOD (Figure 6.3) activities displayed a quick drop at both temperatures, 
and then at least a partial recovery of activity. The reason for this drop is not 
known. 
In general, whether fruit were stored at OC or 20C did not greatly 
influence concentrations of lipid peroxidation products (Figure 6.1), or the 
activities of peroxidation-associated enzymes (Figures 6.2 and 6.3), except for 
altering the timing of changes. The exception to this was catalase (Figure 
6.2A), which increased two-fold in activity with prolonged storage at OC. This 
apparently was a specific response to low-temperature (chilling), since upon 
transfer to 20C catalase activity rapidly fell to basal level (Figure 6.5A). 
Following transfer to 20C after 12 weeks at OC, a marked increase in 
TBARS concentration occurred in fruit peel (Figure 6.4). This rise was similar 
to the one that occurred after prolonged storage at continuous 20C (Figure 6.1), 
and may have been associated with advanced senescence of the fruit. However, 
the lack of a similar increase after transfer from 24 weeks at OC (Figure 6.4) is 
not consistent with this explanation. 
Tissues exhibiting senescence breakdown contained higher levels of 
TBARS and peroxides (Figure 6.7) than were found in any other tissues 
sampled during this experiment, regardless of temperature or time. Whether 
these high concentrations are a result of cellular deterioration, or perhaps a 
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contributor to this deterioration, is not known. However, more fruit at OC than 
20C developed symptoms of senescent breakdown, and total TBARS were 
slightly higher at OC than at 20C (Table 6.1). It is interesting that activities of 
catalase, peroxidase, and SOD were twice as high in senescent than in healthy 
tissue. Nevertheless, activity of these defense enzymes apparently was not 
enough to protect the tissue from damage when the cells were deteriorating. 
Chilling injury is assumed to have two stages, primary and secondary, 
with damage being initiated by dysfunction of membranes in the primary stage 
at chilling temperature (Bramlage and Meir, 1990). Phase transitions of 
membranes may greatly contribute to the membrane dysfunction, affecting both 
fluidity and permeability (Paliyath et al. 1984; Murata, 1990). Recently, 
increased lipid peroxidation was reported to be associated with chilling injury 
(Feys, 1985; Kuo and Parkin, 1989; Parkin and Kuo, 1989). Our results 
indicated that lipid peroxidation was slightly higher at low temperature than at 
high temperature (Table 6.1), and it appeared to exhibit a transient increase 
upon transfer to 20C after 12 weeks (Figure 6.4). the increase in TBARS and 
peroxides upon transfer to 20C may have been a result of accumulated damage 
at OC, thus being an expression of chilling injury in the fruit peel. 
Data obtained in this experiment generally were consistent with those 
described in Chapter V, except for some different changes in activities of PPO 
and SOD over time. SOD declined rapidly after harvest in both sets of 
experiments, but in the present studies, this activity recovered with time (Figure 
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6.3). PPO activity increased over time at 20C in the present study (Figure 
6.2C), but remained constant over time in the earlier studies (Chapter). These 
differences could represent genetic differences, since Cortland apples were used 
in the Chapter V experiments, and Empire apples were used in the present 
experiments. Cortland apples generally deteriorate more rapidly than Empire. 
Overall, results suggest that increased lipid peroxidation was associated with 
several physiological events in apples, including the onset of ripening, 
development of chilling injury, and the occurrence of senescent breakdown. 
Nevertheless, striking changes did not appear to occur with gradual fruit 
senescence. Lipid peroxidation-related enzymes such as catalase and SOD could 
play a key role in controlling lipid peroxidation in apple fruit and preventing 
rapid senescence and deterioration within these tissues. 
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Days at 20°C 
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Figure 6.1. Changes in lipid peroxidation products in apple peel during 
continual storage at OC and 20C. A: TBARS; B: Total peroxides. 
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Figure 6.2. Changes in activities of (A) catalase, (B) peroxidase and (C) PPO 
in apple peel during continual storage at OC and 20C. 
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Figure 6.3. Changes in activities of (A) total SOD and its isozymes of (B) 
CuZn-SOD, (C) Fe-SOD and (D) Mn-SOD in apple peel during continual 
storage at OC and 20C. 
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Figure 6.4. Changes in (A) TBARS and (B) total peroxides at 20C as affected 
by different durations of storage at OC before transfer. 
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Figure 6.5. Changes in activities of (A) catalase, (B) peroxidase, and (C) PPO 
at 20C as affected by different durations of storage at OC before transfer. 
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Figure 6.6. Changes in activities of (A) total SOD and its isozymes of (B) 
CuZn-SOD, (C) Fe-SOD and (D) Mn-SOD as affected by different durations of 
storage at OC before transfer. 
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Figure 6.7. Comparison of lipid peroxidation products and enzyme activities 
between healthy and senescent tissues. (A): TBARS and peroxides; (B): 
catalase, peroxidase, and PPO; (C): Total SOD and its isozymes. Senescent 
tissue was from the surface area over visible symptoms of senescent breakdown 
of stored fruit, and ’healthy’ tissue was from stored fruit with no symptoms. 
Comparisons showing different letters were different from each other at 
p=0.05. 
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CHAPTER 7 
LIPID PEROXIDATION AND SUPERFICIAL SCALD DEVELOPMENT 
IN APPLES (Malus domestica Borkh.) 
Abstract 
Relationships between accumulation of lipid peroxidation products and 
activities of related enzymes in apple peel and superficial scald development 
were investigated. Lipid peroxidation and activities of catalase, peroxidase and 
PPO in Delicious apple peel apparently increased slowly during postharvest 
storage at OC. Comparisons among 3 cultivars with different scald 
susceptibilities indicated that while there were some significant differences 
among cultivars, differences did not correlate positively with scald susceptibility 
of the cultivars. DPA treatment in two scald-susceptible cultivars greatly 
reduced scald development, but suppressed only peroxide formation and had 
little effect on TBARS and limited effects on activities of related enzymes. Fruit 
kept at OC rather than at 20C for prolonged time accumulated the same levels 
of TBARS and peroxides, and had about the same enzyme activities except for 
peroxidase, which was higher at OC than at 20C, yet scald developed at OC but 
not at 20C. Lipid peroxidation products and enzyme activities in fruit with 
different scald intensities were not significantly different. The results obtained 
in this study suggest that lipid peroxidation is not involved directly in 
superficial scald induction or development. 
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Introduction 
Peroxidation reactions are widely believed to be involved in development 
of both superficial scald, a postharvest physiological disorder, and senescence 
of apples. Superficial scald is believed to be induced by oxidation of a- 
farnesene to conjugated triene hydroperoxides (Anet and Coggiola, 1974; 
Huelin and Coggiola, 1970a; Meir and Bramlage, 1988), and to be regulated by 
both synthesis and oxidation of a-farnesene, and by metabolism of the 
conjugated trienes produced as oxidation products (Du and Bramlage, 1993a 
and 1993b). Lipid peroxidation has been associated frequently with various 
plant physiological disorders such as senescence (Dhindsa et al., 1981; Trippi et 
al., 1989; Winston, 1990), chilling injury (Kuo and Parkin, 1989; Murata, 
1990; Parkin and Kuo, 1989; Saltveit and Morris, 1990), sunscald 
(Rabinowitch and Sklan, 1980), environmental stress (Malan et al., 1990), and 
freezing stress (Ganthavorn and Powers, 1988). Increased lipid peroxidation has 
been correlated with senescence in various plant tissues (Kar and Mishra, 1976; 
Buchvarov and Grantcheff, 1984; Sylverstre and Paulin, 1987; Upadhyaya, et 
al., 1985), and has been linked to the regulation of senescence (Brennan and 
Frenkel, 1977; Frenkel, 1978; Frenkel et al., 1976), probably as an initiating 
factor in the alteration and dysfunction of biological membranes (Leshem et al., 
1986; Thompson et al., 1987; Thompson, 1988). In apple fruit, increased lipid 
peroxidation was found to correlate with senescence (Feys, 1985; Feys et al, 
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1980; Paliyath et al., 1984), and superficial scald develops as the fruit are 
senescing (Bramlage and Meir, 1990). 
We have found that ethylene is a regulator of superficial scald 
development (Du and Bramlage, 1993b). Since (a) ethylene also plays a 
significant role in senescence, (b) its production is mediated by free radicals 
(Rhodes, 1980; Lieberman; 1979; Mattoo and Aharoni, 1988), and (c) the use 
of antioxidants to reduce superficial scald development also greatly suppresses 
ethylene production (Du and Bramlage, 1993b), free radical formation during 
fruit senescence could be a strong contributor to superficial scald development. 
In the present study, we tested the effects of several major factors which 
affect superficial scald development, namely, cultivar differences, storage 
temperature, and the application of antioxidants, on the accumulation in apple 
peel of lipid peroxidation products and the activities of enzymes important in 
suppressing lipid peroxidations. The objective was to assess the extent to which 
lipid peroxidation may contribute to development of superficial scald. 
Materials and Methods 
A 3-year investigation was conducted using fruit from mature apple trees 
of 3 cultivars (Cortland, Delicious, and Empire) with different scald 
susceptibilities. Fruit were grown under normal orchard conditions at the 
University of Massachusetts Horticultural Research Center, Belchertown, Mass. 
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In the 1990-1991 season, about 200 Cortland and Delicious apple fruit 
from 3 single-tree replicates were harvested at commercial maturity on 26 Sept, 
and 10 Oct., respectively. Before storage half of the harvested fruit of each 
cultivar were dipped in fungicide (227g of 50% benlate and 454g of captan per 
400 liters of water) as control, and the other half were dipped in 2000 ppm 
DPA plus fungicide. All fruit then were stored at 0C in air. Samples of 10 fruit 
from each replicate were taken at harvest time and at every 4 weeks during 
storage, up to a maximum of 16 weeks. Sampled fruit were peeled and the peel 
was cut into small pieces, mixed, frozen immediately in dry ice, and stored at - 
25C for biochemical measurements. Lipid peroxidation products (thiobarbituric 
acid-reactive substances [TBARS] and total peroxides) and the activities of 
catalase, peroxidase, polyphenoloxidase (PPO), and superoxide dismutase 
(SOD) were measured as previously described (Chapter V). Scald incidence on 
remaining fruit was evaluated after 16 weeks of storage at 0C plus 7 days at 
20C. 
To determine effects of storage temperature, about 160 Cortland fruit 
from each of 3 single-tree replicates were harvested on 5 Oct., and then kept at 
20C for 2 weeks or at 0C for 24 weeks. Ten-fruit samples were taken at 
harvest, after 1 and 2 weeks at 20C, and after 12 and 24 weeks at 0C storage. 
Lipid peroxidation and enzyme activity measurement were the same as above, 
and scald development was evaluated at the end of each storage period plus an 
additional 7 days at 20C. 
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In the 1991-1992 season, about 400 fruit of Empire, a scald-resistant 
cultivar, were harvested from 4 single-tree replicates on 30 Sept, and stored at 
0C in air for 24 weeks. Ten-fruit samples were taken at intervals of 4 weeks, 
peeled, and frozen for lipid peroxidation and enzyme measurements. 
In the 1992-1993 season, about 200 Cortland fruit were harvested from 4 
single-tree replicates on 9 Sept, and stored at 0C for 20 weeks. Stored fruit 
then were transferred to 20C for 7 days and evaluated for scald development. 
Fruit within each replicate then were sorted into 3 groups according to their 
scald intensity, i.e. no scald; 1-33% of fruit surface; and >34% of fruit 
surface affected with scald. Ten fruit without symptoms of senescent breakdown 
were selected randomly from each group,peeled, and frozen for lipid 
peroxidation and enzyme measurements. 
Data were subject to Analyses of Variance. LSD or Duncan’s New 
Multiple Range Test was used to separate means when applicable. 
Results 
Lipid Peroxidation and Related Enzyme Activities During Storage at PC 
In Delicious apples, concentrations of the lipid peroxidation products 
TBARS and total peroxides increased slowly up to 12 weeks of storage at 0C, 
and then levelled off (Figure 7.1). Catalase, peroxidase, and PPO activities 
increased slightly during storage (Figure 7.2), while the total activity of 
SOD did not increase significantly (Figure 7.3). Among the three isozymes of 
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SOD, the activity of Mn-SOD displayed an increase over storage time, while 
the other two isozymes of CuZn-SOD and Fe-SOD remained almost the same 
during the storage. Lipid peroxidation and related enzymes displayed similar 
changes in Cortland and Empire apples as in Delicious apples, except SOD 
activity in Cortland and Empire fruit declined in storage (Chapter V and VI). 
Comparison Among Cultivars 
Three cultivars with different scald-susceptibility were compared (Table 
7.1). These cultivars varied significantly for all measurements. For both 
TBARS and total peroxides, peel of Empire fruit contained higher 
concentrations than that of either Cortland or Delicious, and Delicious 
contained higher concentrations than Cortland. However, scald developed on 
Cortland and Delicious but not on Empire, and Delicious required more storage 
time for scald development than did Cortland. Thus, scald susceptibility and 
accumulation of lipid peroxidation products were reversely related. In addition, 
Empire contained lower activities of catalase, peroxidase, and SOD than did 
Cortland. Empire also contained lower PPO activity than did Cortland or 
Delicious. 
Effects of DPA 
The effects of DPA application at harvest on lipid peroxidation and 
activities of peroxidation-related enzymes were examined in Cortland and 
Delicious apples. DPA had no effect on TBARS concentrations in apple peel, 
but it reduced total peroxide concentrations in both cultivars (Table 7.2). DPA 
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also reduced activity of catalase in both cultivars and of peroxidase in 
Delicious, and reduced PPO activity in Delicious. DPA had little effect on 
activity of either total SOD or any of its isozymes. However, DPA greatly 
reduced scald development in both cultivars. 
Effects of Storage Temperature 
When Cortland apples were stored at either OC or 20C, some differences 
in lipid peroxidation products and enzyme activities were observed between 
fruit at the two temperatures (Table 7.3). Peroxidase activity was higher in fruit 
at OC than at 20C, while Mn-SOD was lower at OC than at 20C. However, 
lipid peroxidation products were not significantly different between the 2 
temperatures. Substantial amounts of scald developed after storage at OC, but 
none developed after storage at 20C. The 2% of fruit with slight scald-like 
symptoms at 20C possessed these symptoms at the time of harvest. 
Scald Intensity 
Fruit with different intensities of scald symptoms but without apparent 
symptoms of senescent breakdown were selected for measurements after 20 
weeks of storage at OC. There were no significant differences in concentrations 
of TBARS and total peroxides, or in activities of catalase, peroxidase, PPO, or 
total SOD in fruit with or without scald symptoms, or with different intensities 
of scald symptoms (Table 7.4). 
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Discussion 
Many factors can affect superficial scald development by influencing a- 
farnesene synthesis and oxidation. For example, antioxidants (Anet, 1972; Meir 
and Bramlage, 1988; Barden, 1992), ethylene level in storage (Knee and 
Hatfield, 1981; Watkins et al., 1993), and fruit maturity (Brooks et al., 1919; 
Anet, 1972; Huelin and Coggiola, 1968; Du and Bramlage, 1993b) have been 
reported to alter a-farnesene synthesis or its metabolism and to affect the 
amount of scald that develops. Cultivar susceptibility to scald is genetically 
determined and also is associated with differences in the synthesis and 
accumulation, and also the metabolism, of a-farnesene (Huelin and Coggiola, 
1970b; Ingle and D’Souza, 1989; Du and Bramlage, 1993b). In the present 
study, 3 cultivars with different scald susceptibility were compared, but no 
general association of lipid peroxidation products and related enzyme activities 
with scald development were found, although specific differences in lipid 
peroxidation and related enzyme activities among cultivars often were observed 
(Table 7.1). 
DPA, an antioxidant used commercially to control scald, suppresses the 
accumulation of a-farnesene and conjugated trienes in apples (Huelin and 
Coggiola, 1970a and 1970b; Du and Bramlage, 1993b). We have found that 
DPA alters not only the synthesis but also the metabolism of a-farnesene, and 
its effects were at least partly ethylene-mediated (Du and Bramlage, 1993b). 
However, DPA was shown in this study (Table 7.2) to have only limited effects 
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in suppressing lipid peroxidation or enhancing activities of the defense enzymes 
catalase, peroxidase, and SOD, although it reduced scald development in both 
scald-susceptible cultivars. 
Superficial scald is a disorder also associated closely with chilling stress. 
At room temperature, scald development does not occur. Its induction depends 
both on storage temperature and storage duration at chilling temperatures 
(Bramlage and Meir, 1990). Storage temperature may alter slighdy the 
accumulation of a-famesene and conjugated trienes, but it mostly affects the 
metabolism of conjugated trienes (Du and Bramlage. 1993a). The latter could 
be the reason why fruit kept at high temperature do not develop scald. In the 
present study, storage temperature significandy altered neither the level of lipid 
peroxidation products, nor the activities of the defense enzymes, but only fruit 
at low temperature developed scald (Table 7.3). 
Superficial scald usually displays two stages: (a) induction at low- 
temperature, and (b) symptom development during prolonged low temperature 
storage or at high temperature following low' temperature storage (Bramlage and 
Meir, 1990). The results discussed above suggest that lipid peroxidation is not 
direcdy involved in scald induction, since the measurements obtained during the 
induction stage (at low’ temperature stage) were unrelated to whether or not 
scald developed after storage. If it is involved in symptom development, the 
fruit with more severe symptom development should have exhibited higher lipid 
peroxidation or lower defense enzyme activity than fruit without scald 
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symptoms. However, such differences did not exist among fruit with different 
scald intensities (Table 7.4). Thus, these results suggest that lipid peroxidation 
is not involved directly in either the induction or the development of scald 
symptoms in apples. 
In summary, factors which strongly affected scald development had only 
slight effects on measurements of lipid peroxidation and on activities of related 
enzymes, and these effects were not correlated with scald development under 
our experimental conditions. However, since lipid peroxidation and activities 
of related enzymes may be associated with senescence of apples, and scald 
develops during senescence, some indirect associations can not be ruled out. 
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Table 7.4. Relationships of scald intensities and accumulation of lipid peroxidation 
products and activities of peroxidation-related enzymes in peel of Cortland apples8. 
Surface TBARS Peroxides Catalase Peroxidase PPO Total SOD 
affected (nmol/g fw) (mmol/lOOg fw) (units/g fw) 
None 61.5 2.21 34.5 27.0 11.1 36.0 
1 to 33% 57.1 2.24 20.8 24.4 11.8 40.3 
>34% 54.6 2.23 21.2 25.8 11.6 35.1 
Analyses of 
Varianceb: ns ns ns ns ns ns 
8 Fruit were harvested on 9 Sept, 1992. Data were means of 4 replications. 
b ns — non-significance at p=0.05. 
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Weeks ot 0°C 
Figure 7.1. Changes in TBARS and peroxides during storage of Delicious apples 
at OC. ***, **, *, and ns following R2 values are significance of linear regression 
over storage time atp=0.001, 0.01, 0.05 level, or non-significant. 
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Figure 7.2. Changes in activities of catalase, peroxidase, and PPO during storage 
of Delicious apples at OC. ***, **, *, and ns following R2 values are significance 
of linear regression over storage time at p=0.001, 0.01, 0.05 level, or non¬ 
significant. 
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Figure 7.3. Changes in activities of total SOD and its isozymes during storage of 
Delicious apples at OC. xxx, xx, x, and ns following R2 values are significance of 
linear regression over storage time at p=0.001, 0.01, 0.05 level, or non¬ 
significant. 
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CHAPTER 8 
A MODIFIED HYPOTHESIS ON THE ROLE OF CONJUGATED 
TRIENES IN SUPERFICIAL SCALD DEVELOPMENT ON APPLES 
Abstract 
Three experiments were conducted using Cortland and Delicious apples 
(Malus domestica Borkh.). Fruit varying widely in superficial scald 
susceptibility, through either endogenous or experimentally induced conditions, 
were stored for various intervals at OC and then evaluated for scald 
development at 20C. Periodically, samples were extracted in hexane and UV 
absorption spectra of the extracts were used to evaluate c*-farnesene and 
conjugated triene (CT) relationships to scald development. CT concentrations 
were calculated using each of the three CT absorption maxima (258-290 nm, 
269-290 nm, and 281-290 nm), and expressed accordingly as CT258, CT269, 
and CT281. Results indicated poor association of CT281 concentrations with 
scald development, and led to a proposal that metabolic products of CT281 
species are more likely to be associated with scald development than are these 
species themselves. 
Introduction 
Superficial scald of apples is one of the most extensively studied 
postharvest physiological disorders of fruits (Meigh, 1970; Ingle and D’Souza, 
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1989). Murray et al. (1964) and Huelin and Murray (1966) first identified a- 
farnesene as a scald inducing factor in the natural coating of apples. Huelin and 
Coggiola (1968, 1970a) then found that it was not a-farnesene itself but its 
peroxidation to conjugated trienes (CT) that related to scald development. 
Since the report of Huelin and Coggiola (1968), most studies of the 
physiology of scald development have included absorbance measurements of 
hexane extracts of fruit surfaces. Anet (1969) separated two CT species from 
in vitro peroxidized a-farnesene, both having absorption maxima at about 251, 
260, 269, and 281 nm. Huelin and Coggiola (1970a) and Meir and Bramlage 
(1988) observed similar absorption maxima at 258, 269, and 281 nm using 
hexane extracts of natural apple surfaces. These maxima have been assumed to 
represent CT present in apple surfaces. Due to relatively high background 
absorbance at about 260 nm, Anet (1972) proposed spectral measurement only 
at 281 nm to avoid masking of CT. Although some interference occurred at this 
wavelength, it could be corrected by subtracting absorbance at 290 nm from 
that at 281 nm. Since then these measurements (OD281_290^ have been used 
routinely to calculate CT concentrations. Correlations between OD281_29onm and 
occurrences of scald are the basis for the widely accepted hypothesis that a- 
farnesene is peroxidized to CT, which leads to cellular disruption and scald 
symptom development. Exogenously applied antioxidants inhibit both 
peroxidation and scald development (Huelin and Coggiola, 1970a, 1970b; Anet 
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and Coggiola, 1974), and endogenous antioxidants are associated with scald 
resistance (Anet, 1974; Meir and Bramlage, 1988). 
CT species never have been isolated and identified directly from hexane 
extracts of apple surfaces, and their association with scald is based entirely on 
correlative data. Some inconsistencies among correlation coefficients between 
OD281_290 nm, OD268_290 nm, and OD258_290 nm and scald occurrences have been noted 
(Meir and Bramlage, 1988). We therefore undertook to a) examine the 
characteristics of UV absorbance of hexane extracts of apple surfaces with 
different scald potentials; and b) investigate CT changes, as indicated by 
absorption spectra, during development of scald symptoms. Results of this 
investigation led to a reconsideration of the significance of OD281_290 nm 
measurements in relation to the roles of CT in scald development of apples. 
Materials and Methods 
Apples were grown at the University of Massachusetts Horticultural 
Research Center in Belchertown, Mass. Three experiments were conducted in 
1990, using fruit from mature trees grown under standard horticultural 
conditions. 
DPA Treatment (Expt. 1). Cortland apples (internal ethylene 3±2 ppm) 
were harvested on 26 Sept., 1990. Delicious apples (internal ethylene 52±4 
ppm) were harvested on 10 Oct., 1990. There were six single-tree replications 
of samples for each cultivar. Within three days of harvest each replicate sample 
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was separated into two lots of 80 fruit each. One lot was dipped in a solution of 
2g*L_1 diphenylamine (DPA) plus 227 g of 50% benlate and 454 grams of 
captan per 400 liters (to control decay), and the other lot was dipped in a 
solution of fungicide without DPA. Fruit were dipped for 20 sec., drained, and 
stored at 0C in air. After 4, 8, 12, and 16 weeks, ten fruit from each sample 
were removed from storage and extracted in hexane. After 16 weeks of storage, 
the remaining fruit were kept at 20C for seven days and evaluated for scald, 
which was recorded as percent incidence. However, almost no scald developed 
on Delicious so the fruit were returned to 0C for an additional eight weeks, 
plus one week at 20C, for a second evaluation of scald. 
Time of Harvest (Expt. 2). Cortland apples were harvested on 26 Sept., 
1990 (maturity as in Expt. 1) and on 10 Oct., 1990 (internal ethylene 57 + 14 
ppm) from three two-tree replicates, the trees being the same ones used in 
Experiment 1. Fruit were stored at 0C, 70 fruit per replicate, for 30 weeks; an 
additional 70 fruit per replicate from the 10 Oct. harvest were stored for 45 
weeks. Following storage, scald was evaluated, and then ten fruit per replicate 
were extracted in hexane after 0, 2, 4, 7, and 10 days at 20C. Scald 
development was recorded as percent incidence and as intensity of 
development, using a system of 1 = > 1% ^ 10%, 2 = > 11% < 33%, 3 
= > 34% <67%, 4 = >67% < 100% of surface area affected. 
Storage Temperature (Expt. 3). Cortland apples were harvested on 5 
Oct., 1990, with 200 fruit collected from each of six replicate trees (internal 
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ethylene 31 ±13 ppm). Each replicate was divided into four sublots of 50 fruit 
each. Two sublots were stored at 0C for 12 or 24 weeks, and two were kept at 
20C for one or two weeks. At the end of each storage interval, ten fruit were 
extracted in hexane and the remainder were kept for seven days at 20C and 
evaluated for scald. 
Hexane extracts were obtained by dipping apples individually and in 
sequence in 100 ml of HPLC grade hexane for three minutes. UV absorbance 
of properly diluted hexane extracts was measured from 200 to 290 nm . 
Extracts displayed five absorption maxima at 200, 232, 258, 269, and 281 nm. 
Concentrations of o'-farnesene in hexane extracts were calculated from OD23^ 
(£232 = 27,700) according to Huelin and Coggiola (1968). Concentrations of all 
CT species in hexane extracts were assumed to have an extinction coefficient of 
25,000 (Anet, 1972) and were calculated from OD281.290, OD269.290, and OD258 
290. These are referred to as CT281, CT269, and CT258, respectively. 
Data were subjected to analyses of variance or regression. Means were 
separated with LSD comparisons when applicable. The SAS Statistical Software 
(SAS Institute, Cary, NC) was used for these analyses. 
Results 
DPA Treatment (Expt. 1). During storage at 0C, concentrations of a- 
farnesene, CT281, CT269, and CT258 changed significantly over time in both 
Cortland and Delicious apples (Tables 8.1 and 8.2). a-Farnesene reached 
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maximum concentrations by eight weeks and then declined, as commonly 
observed (e.g.. Meigh and Filmer, 1969), and CT increased to a plateau within 
12 weeks. However, concentration varied between cultivars, and patterns of 
change over time at OC varied between cultivars and DPA treatments (S x D) 
Table 8.2). In Cortland fruit not treated with DPA, CT281, CT269 and CT258 
increased over time, but the CT269/CT281 and CT258/CT281 ratios decreased 
over time, varying between only 0.86 and 2.22 (Table 8.1). In non-treated 
Delicious. CT269 and CT258 increased faster and to higher concentrations than 
did CT281. producing ratios that varied from 2.42 to 8.61 (Tables 8.1 and 
8.2). 
Applications of DPA before storage significantly reduced accumulation 
of a-famesene, CT281, CT269, and CT258 in Cortland (Tables 8.1 and 8.2), 
but concentrations at each wavelength were not reduced proportionally. DPA 
significantly increased the CT258/CT281, but did not alter the CT269/CT281 
ratio (Table 8.2). The effects of DPA on a-famesene and at least one individual 
CT changed over storage time, while the effects on the two ratios did not 
(Table 8.2). For Delicious, however, DPA reduced only a-farnesene and 
CT281 concentrations late in storage (Tables 8.1 and 8.2), and this effect was 
not great enough to significantly alter the CT ratios (Table 8.2). DPA treatment 
reduced scald from 23% to 1 % for Cortland, and from 20% to 5% for 
Delicious. 
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Generally, Cortland fruit contain more a-farnesene and CT281, but less 
CT258, than Delicious fruit, resulting in much lower ratios of CT258/CT281 or 
CT269/CT281 in Cortland than in Delicious (Table 8.2). 
This experiment showed that individual CTs did not change equivalently 
during storage (Tables 8.1 and 8.2). In Cortland, CT269 was significantly 
higher than CT281, while in Delicious both CT269 and CT258 were 
significantly higher than CT281 but similar to each other. When the two 
cultivars were combined, CT269 and CT258 were similar and both were higher 
than CT281. The differences in CT values, depending on which absorption 
maximum is used for measurement, are demonstrated in the varying ratios of 
CT258/CT281 and CT269/281 during storage. 
Time of Harvest (Expt. 2). As time at OC increased from 16 to 30 
weeks, a-farnesene, CT281, CT269, CT258, and ratio of CT258/CT281 all 
declined greatly in early-harvested Cortland apples, but the ratio of 
CT269/CT281 remained unchanged (Table 8.3). However, despite marked 
reductions of all of the components in fruit peel during this period, the 
percentage of fruit that developed scald after storage increased from 23 % to 
60%. 
When stored for 30 weeks at OC, the late-harvested fruit contained 
higher concentrations of a-farnesene, CT281, CT269, and CT258 than did 
early-harvested fruit (Table 8.3). Differences in CT measured at the three 
absorption maxima were not proportional, however, since the CT258/CT281 
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ratio was higher in late harvested fruit than in early harvested fruit. Despite 
having higher concentrations of a-farnesene and CTs, late-harvested fruit 
developed much less scald than did the early-harvested fruit (21 % vs 60%) 
(Table 8.3). 
When the late-harvested fruit were kept for an additional 15 weeks at 
0°C, a-farnesene concentration declined and CT269 and CT258 rose, while 
CT281 remained unchanged (Table 8.3). These CT changes produced higher 
CT258/CT281 and CT269/CT281 ratios after 45 weeks of storage. However, 
scald susceptibility did not change with extended storage time for these late- 
harvested, relatively scald-resistant fruit. 
Scald usually develops after fruit are transferred from storage to warm 
temperatures. At 20°C, linear increases in percent scald occurred over time, but 
they usually were accompanied by linear decreases in a-farnesene and CT281 
in apple peel. However, CT258 did not change consistently (Figure 8.1). 
Typical UV absorption spectra of hexane extracts from relatively scald- 
susceptible and scald-resistant ’Cortland’ apples during this time are displayed 
in Figure 8.2. In the early-picked, scald-susceptible fruit (Figure 8.2A), all CTs 
decreased about equivalently during seven days at 20C. However, in late- 
picked, scald-resistant fruit (Figure 8.2B), CTs were much higher at removal 
from storage, and CT281 did not decline significantly during ten days at 20C, 
while CT258 and CT269 increased significantly (P=0.01). These differences 
were illustrated by the CT258/CT281 ratios, which remained less than 1.0 in 
147 
the early-harvested fruit but rose from about 1.4 to about 2.4 during ten days at 
20C in the late-harvested fruit (data not shown). Differences were less 
pronounced when CT269/CT281 ratios were compared for the two lots of fruit 
(data not shown). 
When random samples of fruit were taken for the measurements shown 
in Figure 8.2, fruit with different amounts of scald were included. To obtain an 
indication of differences among fruit with different amounts of scald after seven 
days at 20C, single (non-replicated) 10-fruit samples with specific scald 
intensities were selected from among the replicates and extracted. Those with 
the most scald appeared to contain the most a-farnesene, but there was little 
difference among them in CT281, CT269, or CT258 except when harvest dates 
were compared (Table 8.4). In the early-harvested fruit, the CT258/CT281 
ratios were close to unity, but in the late-harvested, less scald-susceptible fruit, 
they were close to 2.0. 
Storage Temperature (Expt. 3). To test the effects of temperature on 
scald induction, Cortland apples were kept at 20C for one or two weeks, or at 
0C for 12 or 24 weeks. More a-farnesene accumulated at 20C than at 0C 
(Table 8.5). In contrast, more CT281 accumulated at 0C than at 20C. CT269 
values had become slightly higher at 0C than at 20C, but CT258 values were 
slightly lower in fruit at 0C than in ones at 20C. CT258/CT281 and 
CT269/CT281 ratios declined over time at 20C, but these ratios still appeared 
to remain higher at 20C than at 0C. Fruit stored at 0C developed scald after 
148 
transfer to 20C. About 2% of fruit kept continuously at 20C exhibited slight 
scald-like symptoms, but these symptoms were present at harvest and their 
origin is unknown. 
Discussion 
Since evidence was first presented that CTs (later defined as CT281) are 
oxidation products of a-farnesene (Anet, 1969; Huelin and Coggiola, 1970a) 
and correlated with scald development (Huelin and Coggiola, 1970b; Anet and 
Coggiola, 1974), this concept has dominated scald research, and no alternative 
hypothesis of scald development has been advanced even though data sometimes 
have been hard to rationalize within this scheme. 
Of the data reported here, the majority are not consistent with this 
concept: 
1. After long periods of storage, later-harvested Cortland apples 
contained twice the CT281 concentrations as did early-harvested fruit, yet the 
later-harvested fruit developed only one-third as much scald and its intensity 
was less (Tables 8.3 and 8.4). 
2. The Sept.26-harvested Cortland apples had one-fourth as much CT281 
(2.9 vs 11.8 nmoles*cm'2), but developed three times more scald (60 vs 23%) 
after 30 weeks than after 16 weeks of storage at 0C (Table 8.3). 
3. Apples with greatly varying intensities of scald development within 
the same harvest contained almost equal concentrations of CT281 (Table 8.4). 
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4. At continuous 20C, apples developed substantial concentrations of 
CT281, yet did not develop scald (Table 8.5). 
These inconsistencies may result at least in part from the use of CT281 
values to represent the total CT concentrations in fruit surface extracts. Anet 
(1969) showed that at least two hexane-soluble CT compounds formed in vitro. 
a-Farnesene oxidation in vivo may produce a complex mixture of CT 
compounds, the composition of which may vary greatly with oxidative 
conditions. Huelin and Coggiola (1970a) mentioned that hexane extracts from 
relatively scald-resistant apples often displayed a relatively high peak at 258 
nm, but they did not develop this observation. In experiments reported here, we 
found that changes over time within the absorption spectra of fruit extracts 
varied among absorption maxima (Figure 8.2). When overall values for CT281, 
CT269, and CT258 were compared, CT269 was different from CT281 in both 
Cortland and Delicious, and CT258 was different from CT281 in Delicious, 
and in the combination of Cortland and Delicious CT269 and CT258 were not 
different from each other (Table 8.2). The absorption maxima of the hexane 
extract may represent the maxima of certain CT species that dominate in this 
mixture, or it may represent common absorption characteristics of most or all 
of these species. However, even in the latter case, the specific absorption 
characteristics of different species may vary. In the experiments reported here, 
the CT258/CT281 and CT269/CT281 ratios varied greatly with experimental 
conditions, and we interpret these differences to indicate the relative abundances 
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of different CT species or groups of species under different conditions. Viewed 
in this way, the data offer a different perspective on scald development. 
In these experiments a negative relationship repeatedly occurred between 
the CT258/CT281 ratio and scald development under varying conditions, as 
follows. 
1. In both Cortland and Delicious apples, CT258/CT281 ratios of fruit 
not treated with DPA dropped with time during storage at OC (Tables 8.1 and 
8.3), while scald incidence increased with storage time (Table 8.3). 
2. After 16 weeks at OC, Cortland apples, having a CT258/CT281 ratio 
of 0.9, developed 23% scald, while Delicious apples having a CT258/CT281 
ratio of 2.4 developed no scald unless they were stored for an additional eight 
weeks, after which they developed 20% scald (Table 8.1). 
3. Later-harvested, scald-resistant Cortland apples had higher 
CT258/CT281 ratios than did early-harvested, more scald-susceptible fruit 
(Tables 8.3 and 8.4). 
4. Cortland kept continuously at 20C possessed relatively high 
CT258/CT281 ratios and did not scald, while those at OC possessed relatively 
low CT258/CT281 ratios and did scald after transfer to 20C (Table 8.5). 
The CT258 values and CT258/CT281 ratios thus appeared to be better 
indicators of scald development than the CT281 values. In these experiments, a 
CT258/CT281 ratio of about 2.0 or higher was associated with little or no scald 
development in each of the postharvest conditions tested, while ratios of about 
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1.0 or less were associated with significant scald development. The 
CT269/CT281 ratios generally reflected the CT258/CT281 ratios, but 
differences usually were less distinct when comparing lots of fruit with different 
scald potentials. 
Scald development consists of both induction and symptom-expression 
periods (Bramlage and Meir, 1990). Induction apparently occurs only at low 
temperatures, while symptoms develop at either low or high temperatures, most 
commonly the latter (Figure 8.ID). The role of CTs in this process has not 
been defined, but they could be involved in peroxidation of membrane lipids, 
which ultimately leads to disruption of cellular organization, and thus be agents 
of symptom expression after slow disruption of cells. 
If CT281 is involved directly in scald development, its concentrations 
likely would be highest when symptoms develop. However, like a-farnesene, 
CT281 reached a maximum and then declined during prolonged storage of 
Cortland (Table 8.3), which is similar to the CT281 changes in early-picked 
apples reported by Anet (1972). Yet, 23% of the fruit scalded after 16 weeks 
and 60% scalded after 30 weeks. Similarly, during symptom development after 
transfer to 20C, percent scald increased linearly during ten days while CT281 
concentrations declined linearly (Figure 8.1). 
Since CT formation is autocatalyzed, declining concentrations should 
indicate increasing rates of metabolism/catabolism of these free-radical species, 
and since declines accompanied scald development (Figure 8.1), CT 
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metabolites/catabolites may be more involved in symptom development than is 
CT281 itself. Since conditions of low and high scald development produced 
relatively high and low CT258/CT281 ratios, respectively, regardless of CT281 
concentrations, this ratio may reflect CT281 metabolism/catabolism to CT258 
in apple peel. 
We propose that if CTs are associated with scald development, it is the 
metabolism/catabolism of CT281 that is more involved directly in cellular 
disruption. We interpret our results to suggest that CT281 is metabolized to 
CT258 and some unknown compound in one of two ways, as follows: 
A. a-famesene-> CT281-> CT258 -> ?-> scald 
-> CT258 —> ? 
/ 
/ 
/ 
or B. a-famesene-> CT281-> ?-> scald 
In either sequence, we envision two critical control points: a-farnesene — 
— > CT281, and either CT258-> ? or CT281 -> ?. DPA apparently 
suppressed the first of these, and may or may not have suppressed the second. 
In sequence A, if the second control point is impeded, a relatively high 
CT258/CT281 ratio should be produced and little scald should develop, 
regardless of CT281 concentration. In sequence B, impeding the second control 
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point diverts CT281 to CT258, which is inactive in scald development. 
Therefore, the toxic metabolite of CT281 is avoided, and again a high 
CT258/CT281 ratio should occur and little scald develop, regardless of CT281 
concentration. In either sequence, if the second control point is "open", then 
scald development is only a function of the peroxidation of a-farnesene to 
CT281. 
Other interpretations can be made of these results, but we believe that 
they are less likely to represent the conditions of scald development. For 
example, the sequence could be a-farnesene — > CT258 — > CT281, or it 
could be that a-farnesene may be oxidized directly to either CT258 or CT281. 
However, neither of these sequences addresses three important points. First, 
CT281 is not the direct determinant in scald development; second, CT258 and 
CT281 had opposite associations with scald; and third, CT258/CT281 ratios 
had greater associations with scald than did CT281 or CT258 alone. (We have 
extensive yet-unpublished data illustrating the second and the third points). If 
CT258 is metabolized to CT281, then scald development should be simply a 
function of CT281 formation, which it was not (Tables 8.3 and 8.4), and 
CT258 as a precursor of CT281 should not be inversely related to scald 
development, which it was (Tables 8.3, 8.4, and 8.5). In the second of these 
sequences, also, scald should be a function of CT281 concentrations, assuming 
that it can be metabolized freely to its toxic product. It explains why ct- 
farnesene is not a direct determinant of scald, but does not explain why CT281 
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is not the direct determinant. Nevertheless, considerably more research is 
needed to clarify the pathway for a-farnesene oxidation in apple peel. 
Both CT258 and CT281 probably represent groups of compounds rather 
than individual species, with CT269 being influenced by both groups. Thus, the 
proposed sequence may represent metabolic fluxes being directed by varying 
redox conditions existing in the cells. While this proposal is tentative, we 
believe that it better represents possible CT relationships to scald development 
than does a simple peroxidation of a-farnesene to CT281, since in reality a 
highly complex family of compounds probably exists within this system. 
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Table 8.2. Statistical analyses of changes in a-farnesene and conjugated trienes 
in apple peel during storage at OC, as affected by storage time, DPA treatment, 
and cultivars. 
a-Famesene Conjugated trienes (nmol.cm 2) Ratio of 
Variable (nmol.cm'2) CT281 CT269 CT258 CT269/CT281 CT258/CT281 
Cortland 
Storage (S) ***• *** *** *** ns ♦ 
DPA CD) *** *** *** *** ns * 
S x D *** *** **« *** ns ns 
Delicious 
Storage (S) m *** *** *** *** *** 
DPA CD) *** m ns ns ns ns 
S x D * *** ns ns ns ns 
Comparison of Cultivars 
Cortland 77 4.26 6.30 5.17 1.84 1.67 
Delicious 50 2.51 7.54 7.97 3.96 4.52 
Significance *** *** ns *** *** *** 
Comparison of Conjugated Trienesb 
Cortland (C) 4.26b 6.30a 5.17ab 
Delicious CD) 2.51b 7.51a 7.78a 
C + D 3.39b 6.91a 6.47a 
a ***, * Significant at P=0.001, 0.01, and 0.05, respectively. 
b Means within a row not followed by a common letter are significantly 
different at P=0.05, by Duncan’s Multiple-Range Test. 
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Table 8.4. Changes in components of hexane extracts of Cortland apples with 
different scald intensities after seven days at 20C following storage for 30 
weeks at 0C. Single unreplicated samples often apples with the same scald 
intensity were selected for hexane extraction from among the harvest-date 
replicates. 
Scald a-Famesene Conjugated trienes (nmol.cm'2) Ratio of 
score* (nmol, cm'2) CT281 CT269 CT258 CT269/CT281 CT258/CT281 
Harvested 26 Sept. 
0 5.7 1.2 2.0 1.1 1.7 0.9 
1 7.0 1.5 2.5 1.7 1.7 1.1 
2 3.4 1.3 2.3 1.4 1.8 1.1 
3 5.9 1.2 1.3 0.4 1.1 0.3 
4 9.5 1.5 1.5 0.7 1.0 0.5 
5 9.8 1.5 1.5 0.9 1.0 0.6 
Harvested 10 Oct. 
0 17.3 4.7 11.0 10.3 2.3 2.2 
1 22.0 5.1 13.5 13.6 2.7 2.6 
2 40.4 6.4 12.7 12.9 2.0 2.0 
a Scald score: 0 = no scald, 1 = > 1% < 10%, 2 = > 11% < 
33%, 3 = > 34% < 67%, 4 = > 67% < 100%, 5 = apples with > 67% 
of surface affected at removal from storage. 
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DAYS AT 20°C DAYS AT 20°C 
Figure 8.1. Changes of (A) cx-farnesene, (B) CT281, (C) CT258, and (D) 
percent scald in Cortland apples with different harvest dates (26 Sept, or 10 
Oct.) and storage durations (30 weeks or 45 weeks). ***, **, * Coefficient of 
determination significant at P=0.001, 0.01 and 0.05, respectively. 
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Wavelength ^ m 1 
Figure 8.2. Typical UV absorbance spectra of hexane extracts from (A) early- 
haivested and (B) late-harvested Cortland apples at 20C following 30-week 
storage at OC. 
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CHAPTER 9 
SEPARATION OF HEXANE-EXTRACTABLE COMPONENTS 
OF APPLE FRUIT SURFACES 
AND THEIR UV ABSORPTION CHARACTERISTICS 
Abstract 
Hexane extracts were obtained from Cortland apples (Malus domestica 
Borkh.) and separated by thin layer chromatography (TLC). These hexane 
extracts contained ten major components. Among the ten components, one 
appeared to be a-farnesene, and one had a single maximum UV absorbance at 
200 nm. The other eight components were placed in two groups according to 
their relative UV absorbance spectra at wavelength ranges of 250 to 290 nm. 
The composite UV characteristics of the two groups were similar to those of 
the two conjugate triene (CT) species (CT258 and CT281) proposed by Du and 
Bramlage (1993). When samples with different CT258/CT281 ratios were 
chromatographed, three or four of the 10 components of the hexane extracts 
varied conspicuously in the intensities of their color. When hexane extracts of 
apple fruit were applied to the surfaces of sound Delicious apples, the extracts 
appeared to have protective effects against hexane injury on apple surface. 
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Introduction 
Peroxidation of a-farnesene to conjugated triene hydroperoxides (CT) 
induces development of superficial scald at low temperature storage in many 
apple cultivars (Huelin and Coggiola, 1968; Ingle and D’Souza, 1989). 
Measurement of UV absorbances of hexane extracts of apple fruit has been a 
routine procedure to study the mechanism of a-farnesene peroxidation in 
apples, since substances important in scald development (i.e., a-farnesene, CTs 
and possible antioxidants) can be conveniently studied in a hexane extract of 
apple fruit (Huelin and Coggiola, 1968 and 1970b; Anet, 1972; Meir and 
Bramlage, 1988). Anet (1969) isolated two hexane-soluble CTs from in vitro 
peroxidized a-farnesene by thin layer chromatography (TLC) and identified 
their UV characteristics. Huelin and Coggiola (1970a) and Meir and Bramlage 
(1988) observed that the UV absorbances of hexane extracts of stored apples 
were similar to those of in vitro-formed CTs from peroxidized a-farnesene. 
Meir and Bramlage (1988) also reported that OD200 values in hexane extracts 
of apple fruit were positively associated with TLC-separated hexane-soluble 
antioxidant activity. Recently, Du and Bramlage (1993) reported that changes in 
the absorbances at 281, 269 and 258 nm of CTs in hexane extracts were not 
proportional under different conditions, and suggested that there were 2 CT 
species (or groups of species) in hexane extracts of apple skin, namely, CT281 
and CT258. CT281 had relatively high absorbance at 281 nm, and often was 
associated positively with scald development, while CT258 had relatively 
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high absorbance at 258 nm and often was associated negatively with scald 
development. However, most of the previous studies measured the UV 
absorbance of a-farnesene, CT or antioxidants in hexane extracts of apple fruit 
as a mixture, although a-farnesene can be partially purified by eluting hexane 
extract through a Florisil column which adsorbs polar components in the 
extracts (Huelin and Coggiola, 1968). The UV characteristics of the individual 
components in hexane extracts of apple fruit have not been reported. The 
present study was conducted to attempt to separate the major components in 
hexane extracts of apple fruit by TLC, to examine the UV characteristics of the 
separated components, and to distinguish between CT281 and CT258. 
Materials and Methods 
Cortland apples grown under normal horticultural conditions at the 
University of Massachusetts Horticultural Research Center, Belchertown, Mass, 
were harvested from early Sept, to mid Oct., 1991. Ten fruit from each of 4 
trees were dipped in 100 ml of hexane as described before (Du and Bramlage, 
1993). The hexane extracts of fruit from the same harvest were combined and 
dried under flowing nitrogen. The residues then were redissolved in small 
amounts of hexane to make a saturated hexane solution. Three hundred fi\ of 
the saturated hexane extract were used for TLC on silica gel plates (5 x 25 cm, 
250 /xm layer thickness, 2-25 /zm mean particle size, and 60 A mean pore 
diameter) with 254 nm fluorescent indicator. TLC plates were activated at 105C 
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for 30 min before use. After spotting, plates were placed in closed jars 
containing 100% chloroform as a separating solvent. After examining the plate, 
each spot on it was eluted separately overnight with 5 ml of methanol and 
centrifuged at 15,000g for 20 min. The supernatant methanol solution then was 
collected and dried under flowing nitrogen, and redissolved in hexane. UV 
absorbance characteristics of the final hexane solutions from each spot were 
recorded and compared. Hexane undergoing the same procedure but without 
separated substances in it was used as a blank. 
Among a number of hexane extracts from different harvests of apples, 3 
samples with similar amounts of CT281 but quite different ratios of 
CT258/CT281 were selected for comparison of their TLC separation patterns. 
To test the possible effects of hexane extracts on surface disorders of 
stored apples, 10 uniform Delicious fruit were selected after 30 weeks of 
storage at 0C and then were transferred to 20C. On the surface of each fruit, 8 
areas of about 1 cm2 each were marked with pen and numbered consecutively 
around the fruit equator. Each of the areas with even numbers was covered 
with a small piece (about 1 cm2) of Kimwipe paper which was dampened with 
saturated hexane solution, while the areas with odd numbers were covered with 
hexane-wetted Kimwipe paper as control. The paper was left on the fruit 
surface until it dropped off when the hexane evaporated. After 10 days at 20C, 
surface injuries on the treated areas were compared. 
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Results and Discussion 
The chromatographed hexane extract from the 23 Sept, harvest showed 
10 visible spots under UV irradiation. Spots indicated by 40% H2S04 showed 
no difference from spots indicated by UV irradiation. The 10 spots, referred to 
as SI, S2, ... SI0, had Rf values from 0.03 to 0.89 (Table 9.1). S5 and S9 
were the most abundant spots on the TLC plate, as indicated by color intensity. 
All spots had high absorbance at 200-210 nm. The S9 spot had a single 
maximum at 232 nm, with no peaks in the range of 250-290 nm. Its Rf value 
of 0.85 was close to the value (0.79) of standard a-farnesene reported by Anet 
(1969), and thus is taken to represent a-farnesene, which has an absorbance 
peak at 232 nm. S10 had a single maximum at 200 nm, with no peaks at 250 to 
290 nm. What substance S10 represented is not known. 
The other 8 spots (SI to S8) all demonstrated 1 to 3 peaks at about 281, 
269, and 258 nm, but by far the highest peak for each of them was located at 
200-210 nm (Table 9.1). When the relative absorbances of the spots at 250 to 
290 nm were compared, the 8 spots fell into 2 groups. The first group, made 
up of S3, S5, S6, S7, and S8, had relatively high Rf values, and their 
OD258/OD281 and OD269/OD281 ratios were near 1.0 or lower (Table 9.1 
and Figure 9.1A). The second group, made up of SI, S2, and S4, had 
relatively low Rf values but their OD258/OD281 and OD269/OD 281 ratios all 
were greater than 2.0 (Table 9.1 and Figure 9.IB). In general, the differences 
in the ratios of OD258/OD281 between the 2 groups were similar to the 
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differences between the ratios for relatively scald-susceptible and scald-resistant 
apples observed by Du and Bramlage (1993). 
The absorbance spectra for 240-290 nm for the 2 groups are shown in 
Figure 9.1. SI, S2, and S4 were very similar, but S3, S5, S6, S7, and S8 
varied considerably. S6 had a peak at 269 nm, and S3 appeared to contain 
peaks at 258, 269, and 281 nm. As composites, however, the 2 groups 
possessed spectra similar to those of early-picked versus late-picked fruit (Du 
and Bramlage, 1993). Early-picked fruit were much more scald susceptible than 
late-picked fruit. 
To further examine the relationship of the 2 groups of spots to the 2 CT 
species, believed to be related in opposite ways to superficial scald 
development, 3 samples (A, B, and C) with relatively low, moderate or high 
ratios of CT258/CT281 were obtained from Cortland apples with high scald 
intensity, moderate scald intensity, and with no scald symptoms, respectively. 
The primary UV characteristics of these extracts are given in Table 9.2. After 
chromatography, all samples showed 9 spots, indicated by H2S04, although S9 
seemed to be a mixture of 2 spots (Figure 9.2). On the left plate of Figure 9.2, 
the amounts (/xl) of hexane extracts for the 3 samples (A, B and C) were 
adjusted so that all contained approximately equal amounts of CT281, but 
increasing amounts of CT258 (as shown in Table 9.2). On this plate, the 3 
samples. A, B, and C, exhibited approximately equal color intensities at all 
spots except S2, the intensity of which increased from A through C. 
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On the right plate of Figure 9.2, the 3 samples (A, B and C) were 
adjusted so that all had approximately equal amounts of CT258, but decreasing 
amounts of CT281 (as shown in Table 9.2). On this plate, samples A, B, and C 
had approximately equal color intensities at all spots except for S7, S5 and S3, 
the color of which decreased from A to C. S5 had an Rf value of 0.40, which 
was close to the reported values (0.39 and 0.45) of two hexane-soluble CTs 
obtained from in vitro peroxidized a-farnesene (Anet, 1969). 
These chromatographic patterns were consistent with the concept of two 
groups of CT species, suggesting that S3, S5, and S7 represent compounds that 
absorb strongly at 281 nm (CT281), and that S2 represents a substance (or 
substances) that absorb strongly at 258 nm (CT258). Furthermore, varying 
CT258/CT281 ratios appear to represent varying ratios of these substances. 
Whether other spots contribute significantly to this ratio requires further efforts 
to separate these spots. 
Huelin and Coggiola (1970) reported that in many cases where little 
scald developed, not only was absorbance at 281 nm low, but also absorbance 
at 258 nm was relatively high. However, they assumed that rises at 258 nm 
were probably due to interfering substances in hexane extracts, and thus did not 
develop their observations in later research. 
If CT281 is a toxic component in hexane extracts of apple fruit, it is 
reasonable to expect that the hexane extract might cause fruit injury when it is 
applied to the surface of apples. In our experiment, both hexane and hexane- 
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extracts of apples caused injury to fruit surfaces (Table 9.3). The injury 
was different from scald symptoms, however, and was typical of injury that 
develops following hexane-dipping of fruit, and probably was caused by 
hexane. However, the hexane extract-treated areas had lower incidence of 
injury than hexane-treated areas. This result suggested that application of 
hexane extract to apple surface had some protective effect against hexane 
injury, and that CT281 itself may not be a toxic substance. However, possible 
antioxidants in the hexane extracts may have reduced both hexane injury and 
CT injury. 
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Table 9.3. Effects of hexane or hexane extract applied to the skin of Delicious 
apples for 10 days at 20C. 
Number of areas Percent 
Treatment Uninjured Injured Total 
or 
injury 
Hexane (Control) 4 36 40 90 
Hexane Extract 29 11 40 28 
Significance8: *** 
a *** for at p = 0.001. 
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Figure 9.1. UV absorbance spectra at 250 to 290 nm for eight TLC-separated 
components of hexane extracts of apples. A. the group of separated components 
with relatively low ratios of OD258/OD281; B. the group of separated 
components with relatively high ratios of OD258/OD281. 
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Figure 9.2. Photograph of two TLC plates following separation of components 
of hexane extracts of apple samples. Left: The three samples were adjusted to 
contain approximately equal amounts of CT281, but increasing amounts of 
CT258. Right: The three samples were adjusted to contain approximately equal 
amounts of CT258, but decreasing amounts of CT281. Sample B on both the 
left and right plates had equal amounts of the same hexane extract. 
178 
CHAPTER 10 
EFFECTS OF ETHEPHON AND DIPHENYLAMINE 
ON ACCUMULATION AND METABOLISM OF a-FARNESENE AND 
ON SUPERFICIAL SCALD DEVELOPMENT IN CORTLAND APPLES 
Abstract 
Effects of ethephon and diphenylamine (DPA) on ethylene production, 
accumulation of a-farnesene and conjugated trienes (CTs), and scald 
development on Cortland apples were studied. Results showed differing effects 
on two CT species, CT258 and CT281. Ethephon produced both ’short-term’ 
and ’long-term’ effects, the former being stimulation of ethylene production and 
Gf-farnesene and CT accumulation in fruit peel, which could increase scald 
development, and the latter being increased accumulation of CT258, which 
reduced scald development. The effect of treatment on scald development 
depended on the balance achieved between the ’short-term’ and ’long-term’ 
effects. DPA treatment immediately reduced ethylene synthesis and the 
accumulation of a-farnesene and CTs, and also slightly reduced a-farnesene 
oxidation to CT281 after storage of fruit at 0C, both effects lessening scald 
development. When ethephon and DPA both were applied, they counteracted 
each other and ethylene, a-farnesene, and CT concentrations were the same as 
in control fruit. Thus, both ethephon and DPA apparently affected scald 
development primarily via ethylene synthesis. 
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Introduction 
Superficial scald of apples and pears is believed to be induced by 
autoxidation of cx-farnesene to conjugated trienes (CT) and the associated 
formation of free radicals (Huelin and Coggiola, 1968; Anet, 1969; Anet and 
Coggiola, 1974, Chen et al., 1990). Scald can be controlled by inhibiting 
autoxidation through use of antioxidants, among which diphenylamine (DPA) is 
especially effective (Huelin and Coggiola, 1970a; Anet, 1974; Meir and 
Bramlage, 1988, Ingle and D Souza, 1989). This hypothesis is based primarily 
on in.vitro studies of cx-farnesene oxidation in hexane (Anet, 1969), and on 
correlations between concentrations of cx-farnesene and CT in fruit peel with the 
amount of scald that develops after long term cold storage of fruit (Huelin and 
Coggiola, 1970a and 1970b; Anet and Coggiola, 1974; Meir and Bramlage, 
1988). Recently, we found that CT concentrations measured as OD281290 
(CT281) of hexane extracts of fruit peel did not always correspond to 
concentrations measured as OD258.290 (CT258), and proposed that these 
measurements represented different CT species (Du and Bramlage, 1993). 
Furthermore, while CT281 concentrations were usually positively correlated 
with scald development, as has been reported often (Huelin and Coggiola, 
1970a and 1970b; Meir and Bramlage, 1988), CT258 concentrations were 
negatively correlated with scald. When these concentrations were presented as 
the ratio CT258/CT281, high and low ratios usually were associated negatively 
or positively, respectively, with scald development. We proposed that CT281 is 
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converted to both toxic (scald-inducing) and non-toxic metabolites, and that 
CT258 may represent a non-toxic metabolite. Therefore, whether or not scald 
develops may be determined not only by the formation and accumulation of a- 
farnesene and CT281, but also by the way in which CT281 is metabolized. 
Many factors affect scald development (Brooks et al., 1919; Little et al., 
1973; Morozova et al., 1974; Little and Paggie, 1987; Lurie and Klein, 1992). 
Some of these can be explained readily within the previously existing scald 
hypothesis. For example, storage of fruit in low oxygen concentrations can 
control scald development, probably by inhibiting oxidation of a-farnesene to 
CT281 (Patterson and Workman, 1962; Little et al., 1973; Lau, 1990). 
However, other aspects of scald development are more difficult to rationalize 
within that concept, and may be influencing the way in which CT281 is 
metabolized. For example, delayed harvest of fruit usually reduces scald 
development but often does not greatly reduce cx-farnesene and CT281 
concentrations, and we found that delayed harvest resulted in higher 
CT258/CT281 ratios during fruit storage (Du and Bramlage, 1993), suggesting 
altered CT metabolism. 
The role of ethylene in scald development is not clear. Preharvest 
ethephon sprays have been found both to reduce (Couey and Williams, 1973; 
Hammett, 1976; Greene et al., 1970a; Watkins et al., 1982; Lurie et al., 
1989b) and to increase (Windus and Shutak, 1977; Greene et al., 1974) scald. 
Watkins et al. (1993) found that accumulation of a-farnesene in fruit peel 
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corresponded with the rate of ethylene production by the fruit. Knee and 
Hatfield (1981) previously showed that scald can be controlled when ethylene in 
the storage atmosphere is maintained at very low concentrations. It also is 
known that DPA can suppress ethylene production by fruit (Lurie et al., 
1989a), so DPA may be affecting scald development in ways other than 
suppressing a-farnesene oxidation to CT281. 
We have conducted a series of experiments to test further our modified 
hypothesis for scald development (Du and Bramlage, 1993) by examining the 
effects of ethylene and DPA applied under different conditions. The results 
suggest a fundamental role of ethylene in scald development. 
Materials and Methods 
Four experiments were conducted during 1991-92 using fruit from 
mature Cortland apple trees grown under usual commercial conditions at the 
Horticultural Research Center, Belchertown, Massachusetts. 
Experiment 1. Effects of preharvest ethephon sprays. Ethephon at 500 
ppm was sprayed with a hand gun to drip point to different sets of trees at six 
approximately-weekly intervals beginning on 24 August. There were four 
single-tree replications of treatment and control at each spray date. Ten days 
after spraying about 180 fruit per tree were harvested. Ten fruit per tree were 
evaluated for ripeness by testing for starch with an iodine solution, quantifying 
starch with a pictorial Cortland chart (Williams and Autio, 1991). Ten other 
182 
fruit per tree were extracted in HPLC grade hexane, and UV absorbance by the 
hexane extract was used to measure a-farnesene and CT concentrations (Du and 
Bramlage, 1993). 
The remaining fruit were stored at OC in air for 20 weeks, and then kept 
at 20C for 7 days. On the first and seventh day at 20C, 10 fruit per tree were 
extracted in hexane for a-famesene and CT concentrations. At the 9 Sept, 
harvest, five fruit per tree were measured daily for seven days at 20C 
for ethylene production. Each day the samples were sealed in 4 L containers for 
at least 1 hr, after which 1 ml of headspace was measured for ethylene by gas 
chromatography. 
After 7 days at 20C, remaining fruit were evaluated for presence or 
absence of scald. When examining fruit from the 9 Sept, harvest, from each 
replication 10 fruit were taken that showed no scald, scald on 10 to 33% of the 
surface, or on greater than 66% of the surface. These fruit were extracted in 
hexane, which was measured as above. 
Experiment 2. Responses to ethephon and DPA applied at harvest. 
About 320 fruit per tree were harvested from 4 trees (replicates) on 10 Sept. 
Starch tests averaged 1.6, indicating that the fruit were still unripe. 
Fruit from each tree were separated randomly into 4 sublots of 80 fruit 
each for treatments. One sublot (control) was dipped in a fungicide solution 
(227 g of 50% benlate and 454 g of captan in 400 L of water), and two sublots 
were dipped in 2g*L1 DPA plus fungicide. On the following day, one of the 
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DPA-treated sublots and also the sublots not treated the first day were dipped in 
0.5g*L 1 ethephon plus fungicide. 
All fruit were kept at 20C. On the day of harvest and at 3 day intervals 
through 18 days, 10 fruit per replicate were measured for ethylene production 
as above, and then were extracted in hexane. Hexane extracts for DPA-treated 
fruit showed some interference at 250 to 300 nm, for which a correction was 
made in calculating CT concentrations. 
Experiment 3. Responses to ethephon and DPA applied after 10 
weeks at 0C. Fruit from a single tree were harvested on 30 Sept, when starch 
tests showed that fruit had begun to ripen. They were stored at 0C in 
air for 10 weeks and removed for treatment. 
Fruit were separated randomly into three sublots of about 65 fruit each, 
and these sublots were dipped in either water (control), 2g*L_1 DPA, or 
0.5g*L_1 ethephon. All samples then were kept at 20C, and after 1, 2, 3, 4, 6, 
8, 10, 12, 14, and 16 days, five fruit from each treatment were measured for 
ethylene production as above and then extracted in hexane. 
For statistical analyses of the results, measurements made on each of the 
above days (10) were used as observations (replications) to test differences 
among treatments over the 16-day period. 
Experiment 4. Responses to DPA applied at the beginning and end of 
storage at 0C. Fruit were harvested from four trees (replicates) on 30 Sept., 
when starch tests showed that ripening had begun. Each replicate lot was 
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separated randomly into four sublots of about 100 fruit each. One sublot 
(control) was dipped in fungicide (as in Experiment 2), and a second in 2g.L 1 
DPA plus fungicide. All fruit then were stored at 0C, and after 19 or 20 weeks 
the third or fourth, respectively, sublot was dipped in 2g*L'1 DPA plus 
fungicide. 
At 20 weeks after harvest, all fruit were transferred to 20C. After 1,3, 
5, 7, and 9 days, 10 fruit per replicate were measured for ethylene production 
and then extracted in hexane, as above. 
Statistical analyses. Data were subjected to analyses of variance and 
regression, as appropriate. The SAS Statistical Software (SAS Institute, Cary, 
NC) was used for these analyses. 
Results 
Preharvest Ethephon Spravs: Effects at Harvest 
Starch scores of fruit at harvest indicated that at the first 3 harvests, 
control fruit were unripe, and that they then became progressively riper during 
the last 3 harvests (Table 10.1). Ethephon sprays 10 days before harvest 
produced ripe fruit at all harvest dates, but they were more advanced in 
ripeness at the final 3 harvests. The advancements in ripeness of all fruit 
resulted in ethephon-treated and control fruit being of equal ripeness at the final 
3 harvests. 
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During ripening of the control fruit, a-farnesene concentration in the 
peel increased progressively, but in the ethephon-treated fruit, a-farnesene was 
at a high concentration regardless of harvest date, and even the ripest control 
fruit did not reach the a-farnesene concentrations that were found in the treated 
fruit (Table 10.1). In the controls, peel concentrations of both CT281 and 
CT258 increased with harvest date, and their ratio did not change consistently 
with later harvest. In contrast, in the ethephon-treated fruit, both CT281 and 
CT258 decreased with later harvest, without changing their ratio. However, 
even at the final harvest, the CT concentrations were higher in the sprayed than 
in the control fruit. Overall, the CT258/CT281 ratio was lower in the sprayed 
than in the control fruit, but at the final 2 harvests, the ratios were equivalent 
for the 2 lots of fruit (Table 10.1). At harvest time the ethephon treatment 
produced 5.2, 3.7, and 2.6 times higher concentrations of a-farnesene, CT281, 
and CT258, respectively, than in the control fruit, but produced a 34% lower 
CT258/CT281 ratio in treated fruit than in controls. 
Preharvest Ethephon Sprays: Effects After Storage 
After fruit had been stored for 20 weeks at 0C, a-farnesene 
concentrations were equal in control and ethephon-treated fruit (Table 10.2), 
due primarily to increases in peel concentrations in controls following harvest. 
However, regardless of treatment, a-farnesene was higher in early-picked than 
in late-picked fruit. Differences in CT281 concentrations in fruit reflected the 
a-farnesene differences. However, differences in CT258 concentrations did not, 
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being about twice as high in treated than in control fruit except at the last 
harvest. The CT258/CT281 values, which were much lower than those in fruit 
at harvest (Table 10.1), consequently were higher in the treated than in the 
control fruit, especially for the early-harvested ones. In control fruit the ratio 
increased with later harvest, but in treated fruit it declined with harvest date, 
the changes primarily reflecting changes in CT258 concentrations in the fruit. 
The preharvest ethephon treatments greatly increased post-storage CT258 
concentrations, but not those of a-farnesene or CT281, resulting in 1.8 times 
higher CT258/CT281 ratios in treated than in control fruit. 
Hexane extracts also were made after fruit had been kept for 7 days at 
20C following removal from storage. Since differences between treatments and 
among harvest dates were similar to those shown in Table 10.2, the data are 
not presented. However, overall, after 7 days at 20C the fruit contained slightly 
less (p=0.05) o'-farnesene and CT281 than at removal, while CT258 did not 
change during this warming period. Hence, the CT258/CT281 was slightly 
lower (p=0.05) at removal than after 7 days. In addition, ethylene production 
was measured periodically during the post-storage time, and fruit treated with 
ethephon before harvest produced only 50% to 80% as much ethylene as did 
the controls (data not shown). 
Scald was present on a high percentage of ethephon-sprayed fruit at 
removal from storage, whereas few of the control fruit exhibited the disorder 
(Table 10.2). After 7 days at 20C, both controls and treated fruit exhibited 
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much scald. On controls, scald decreased with advancing harvest date, but for 
ethephon-treated fruit this decrease did not occur until the last two harvests. 
Percent scald after 7 days was correlated (p=0.05 or 0.01) with a-farnesene, 
CT281, CT258, and CT258/CT281 in the peel at that time (r = +0.45; 
+0.50, -0.54, and -0.65, respectively) for controls, but with only CT281 and 
CT258 (r = +0.61 and +0.66, respectively) for the sprayed fruit (data not 
shown). 
At-harvest concentrations of a-farnesene and CT281 in the controls were 
negatively correlated with scald (r = -0.88*" and -0.61", respectively), while 
the post-storage concentrations were positively correlated with scald (r = 
+0.45* and +0.50*, respectively). In ethephon-treated fruit, correlations of 
those components with scald were similar both at harvest (r = -0.27ns and 
+0.82***) and after storage (r = +0.10ns and +0.61"). CT258 was correlated 
negatively with scald both at harvest (r = -0.51*) and after storage (r = -0.54*) 
for controls, but was correlated positively at both times (+0.65*** and 
+0.66***) for ethephon-treated fruit. 
Extent of scald development influenced the concentrations of hexane- 
extractable components in the peel (Table 10.3). Scalded fruit contained less a- 
farnesene, more CT281, and less CT258 than non-scalded fruit, regardless of 
treatment. Consequently, scalded fruit had lower CT258/CT281 ratios, and the 
ratios were lower in the more severely scalded fruit. 
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Effects of Ethephon and DPA Applications at Harvest 
Postharvest application of 500 ppm ethephon to fruit before ripening 
began accelerated the rates of ethylene production and a-farnesene, CT281, 
and CT258 accumulations (Figure 10.1). All but a-farnesene reached higher 
maximum concentrations in ethephon-treated than in control fruit. 
Treatment with 2000 ppm DPA instead of ethephon produced the 
opposite effects, suppressing ethylene production and the accumulations of ol- 
farnesene, CT281, and CT258 accumulations (Figure 10.1). When fruit were 
treated with both ethephon and DPA , ethylene production increased faster than 
in controls, but treated fruit accumulated CT281 and CT258 slightly slower 
than did the controls. When the data for all measurements during the 18 days at 
20C were combined (Table 10.4), they showed that ethephon-treated fruit 
produced significantly more ethylene and accumulated more a-farnesene, 
CT281, and CT258 in their peel than did the DPA-treated fruit. When the 
ethephon and DPA treatments were combined, they essentially counteracted 
each other over the 18-day period. Since these fruit were not stored at 0C, no 
scald developed on any of them. The primary effects of both treatments 
appeared to be on ethylene production, which increased most rapidly after 
ethephon treatment (Figure 10.1). Effects on a-farnesene accumulation were 
similar to those on ethylene, and both were significantly different from controls 
after 3 days at 20C. Effects on both CT281 and CT258 were slower, requiring 
more than 6 days at 20C before becoming significantly different from controls. 
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Effects of Ethephon and DPA Application After 10 Weeks of Storage at or 
To determine if a period of cold storage would alter fruit responses to 
ethephon and DPA, fruit that were harvested on 30 Sept., when ripening had 
begun, and stored for 10 weeks at 0C, were treated with either 500 ppm 
ethephon or 2000 ppm DPA and kept at 20C for 16 days. These fruit responded 
similarly (Table 10.5) to those that had been treated at harvest (Table 10.4), in 
that DPA and ethephon had essentially opposite effects. Thus, despite the fact 
that these fruit already were producing high rates of ethylene, they still 
remained sensitive to additional exposure. 
DPA treatment at this time reduced ethylene production and 
accumulation of a-farnesene and CT281 in peel (Table 10.5). The only 
response different from treatment of freshly harvested fruit (Table 10.4) was 
the failure of DPA to lower CT258, and therefore DPA produced a higher 
CT258/ CT281 ratio than existed in control fruit. Storage affected the quantities 
of ethylene produced and hexane-extractable components accumulated in the 
fruit peel. After 10 weeks at 0C (Table 10.5), the fruit produced about twice as 
much ethylene and contained substantially greater amounts of a-farnesene, 
CT281, and CT258 than at harvest (Table 10.4), and had a much lower 
CT258/CT281 ratio than at harvest. 
Effects of DPA Treatment After Different Periods of Storage 
One day after removal of fruit from 20 weeks of storage at 0C, no DPA 
treatment showed any effect on ethylene production or on concentrations of a- 
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farnesene and CT258 in peel (Table 10.6). However, all DPA treatments 
suppressed CT281 accumulation, with application at harvest having the greatest 
effect. 
During the subsequent 8 days at 20C, ethylene production increased 
greatly and a-farnesene concentration decreased, but concentrations and ratio of 
CTs did not change substantially. During this warm period, a slight depression 
of ethylene production by DPA application at removal was measured, as well as 
slight depression of a-farnesene, CT281, and CT258 concentrations. However, 
only late applications reduced a-farnesene and only early application reduced 
CT281 and increased CT258/CT281. Some scald developed on these fruit, and 
it was reduced by DPA. 
Discussion 
These results generally confirm our earlier findings (Du and Bramlage, 
1993). First, a-farnesene and CT281 concentrations did not consistently 
correlate with scald development. For example, at-harvest concentrations were 
negatively correlated with scald while post-storage concentrations were 
positively correlated in control fruit (Tables 10.1 and 10.2). Second, CT 
concentrations measured at 281 and 258 nm displayed different results (Tables 
10.1 and 10.5), indicating that separate CT species are being measured. 
Furthermore, these species were associated with scald development in different 
ways (Table 10.3). 
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During ripening on the tree, cx-farnesene, CT281 and CT258 all 
increased greatly in fruit peel, and ethephon treatment accelerated these 
increases (Table 10.1). We propose that these increases represent ’short-term 
effects’ of ripening. However, after fruit had been stored at 0C for 20 weeks, 
late-harvested control fruit contained less a-farnesene and CT281 in peel, but 
slightly more CT258, especially a significantly higher ratio of CT258/CT281, 
than early-harvested control fruit (Table 10.2) . Ethephon treatment before 
harvest affected only CT258 at this time, doubling its concentration in all but 
fruit from the final harvest. This we shall refer to as the ’long-term effects’ of 
ripening on cx-farnesene metabolism. The ’short-term’ effects most favored the 
synthesis and accumulation of cx-farnesene, but also resulted in slightly lower 
CT258/CT281 ratios. For example, at harvest time the ’short-term effects’ of 
ethephon treatment 10 days before harvest produced 5.2, 3.7, and 2.6 times 
higher concentrations of (x-farnesene, CT281, and CT258, respectively, in the 
treated fruit than in the control fruit, but produced a 34% lower CT258/CT281 
ratio in treated fruit than in control fruit. In contrast, the ’long-term’ effects 
most favored the accumulation of CT258, resulting in higher CT258/CT281 
ratios. For example, after 20 weeks of cold storage the ’long-term effects’ of 
the ethephon treatment produced 1.0, 1.1, and 1.8 times the concentrations of 
<x-farnesene, CT281 and CT258 found in control fruit, resulting in a 1.8 fold 
higher CT258/CT281 ratio in treated than in control fruit. We proposed that the 
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’long-term effects’ are the accumulated effects of altered metabolism in apple 
peel. 
Since ethephon treatments enhanced but did not substantially alter the 
changes in a-farnesene and CT281 associated with ripening on or off the tree 
(Tables 10.1 and 10.4), or the differences after 20 weeks at 0C associated with 
different harvest dates (Table 10.2), both these ’short-term’ and ’long-term’ 
effects of ripening may represent ethylene effects on a-farnesene synthesis and 
metabolism in fruit peel. This view is supported by the sequence of responses 
to ethephon treatment at harvest time (Figure 10.1). Accelerated ethylene 
production was advanced by three days, as was increased a-farnesene 
concentration. Both CT281 and CT258 concentrations also were increased by 
ethephon, but differences were not seen until day 9. In controls, these same 
responses occurred except that they required more time to develop. These 
results are consistent with those of Watkins et al. (1993), who found that both 
a-farnesene and CT281 concentrations rose as ethylene production increased. It 
should be noted also that as fruit ripened, there were smaller increases in a- 
farnesene, CT281, and CT258 concentrations resulting from ethephon treatment 
(Tables 10.1, 10.4 and 10.5). 
Increased CT281 concentration due to ethephon treatment consistently 
reflected increased a-farnesene concentrations (Tables 10.1 and 10.4, Figure 
10.1) and probably resulted from higher substrate concentrations. At harvest, 
CT258 concentrations also reflected a-farnesene concentrations, consistently 
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being 3 to 5 times higher than CT281 concentrations (Tables 10.1 and 10.4), 
with stimulation by ethephon diminishing as fruit ripened (Table 10.1). 
However, after storage CT281 concentrations no longer were affected by 
preharvest ethephon treatments, while CT258 concentrations still were twice as 
high as in control fruit, resulting in higher CT258/CT281 ratios in treated fruit 
(Table 10.2). Also, when ethephon was applied after fruit had been at 0C for 
ten weeks, it slightly increased CT281 but not CT258 concentrations (Table 
10.5). It appears that either fruit senescence or their responses to low 
temperature altered the association between CT281 and CT258, so that changes 
in concentrations of these CT species became at least partially independent of 
each other. Thus, a-farnesene synthesis and metabolism appear to possess 
different short-term and ’long-term’ responses to ethephon treatment, 
reflecting changes that take place in stored fruit. 
The role of DPA in a-farnesene oxidation in apple peel may be more 
complex than is implied by the studies of its oxidation in hexane. In hexane, 33 
to 66 weeks were required to show inhibited a-farnesene oxidation (Huelin and 
Coggiola, 1970a), but in apple peel effects can be seen in days (Figure 1 and 
Table 6). Also, in hexane a wide range of antioxidants (amine, phenolic, and 
sulfur-containing) inhibited a-farnesene oxidation, while in apple peel only 
amine-type antioxidants were inhibitory, with some phenolic antioxidants even 
acting as pro-oxidants (Anet and Coggiola, 1974). DPA can inhibit many 
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reactions, such as electron transport (Baker, 1963) and ethylene production, 
respiration, and enzyme activities (Lurie et al., 1989a). 
Our results indicate that the DPA effect on CT281 concentration in apple 
peel was due only slightly to direct inhibition of a-farnesene oxidation. When 
DPA was applied at harvest, CT281 concentration increased over time at 20C, 
albeit more slowly than in untreated fruit (Figure 10.1). Here, the DPA effect 
on CT281 followed suppression of ethylene production and a-farnesene 
accumulation, thus probably resulting from lower substrate concentration. Most 
significantly, when both ethephon and DPA were applied to fruit, their 
opposing effects on ethylene production or accumulation of a-farnesene, 
CT281, and CT258 were negated and fruit functioned like controls. Thus, this 
at-harvest effect of DPA on CT281 appeared to result from inhibited ethylene 
synthesis, not from direct inhibition of a-farnesene oxidation. The finding that 
DPA primarily inhibits ethylene production in scald development was consistent 
with the general observations that ethylene biosynthesis can be inhibited by 
antioxidants (Baker et al., 1978; Bousquett and Thimann, 1984), especially by 
the amino-type inhibitors such as aminoethoxyvinylglycine (AVG) (Lieberman, 
1979; Bangerth, 1978). Even after fruit had been stored for 10 or 20 weeks at 
0C, DPA inhibited ethylene production and a-farnesene accumulation (Tables 
10.5 and 10.6). Only when fruit were examined after 20 weeks at 0C was there 
evidence of direct inhibition of a-farnesene oxidation (Table 10.6). At removal 
from storage, DPA treatment had no effects on ethylene production or a- 
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farnesene concentration, but it lowered CT281 concentrations. During 
subsequent warming at 20C, even these stored fruit exhibited lower ethylene 
production and a-farnesene accumulation as a result of a post-storage DPA 
application. Thus, here again results indicate a ’short-term’ response (via 
suppressed ethylene synthesis) and a ’long-term’ response (via 
inhibited oxidation of a-farnesene). 
These results can be pictured as in Figure 10.2, slightly modified from 
our earlier one (Du and Bramlage, 1993), where X = substrate for a-farnesene 
synthesis, and Z = hypothesized toxic compound leading to scald development. 
The ’short-term’ effects of ripening reported here represent ethylene-enhanced 
o'-farnesene synthesis (Tables 10.1, 10.4, and 10.5; Figure 10.1), and also 
probably ethylene-enhanced flow of the whole a-farnesene pathway, with 
slightly favored CT281 accumulations and lowered CT258/CT281 ratios (Table 
10.1). However, the ’short-term’ effects do not necessarily mean a ’direct’ 
effect on a-farnesene synthesis. The ’long-term’ effects of ripening apparently 
represent enhanced CT258 accumulation, resulting in significantly higher 
CT258/CT281 ratios (Table 10.2). The ’short-term effect’ would favor scald 
development, and the ’long-term effect’ would lessen scald development. We 
recognize that other possible explanations exist, but they either require more 
basic assumptions or do not represent our data as well. 
DPA had dual effects on this model. ’Short-term effects’ resulted from 
inhibited ethylene and a-farnesene synthesis (Tables 10.4, 10.5, and 10.6; 
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Figure 10.1). Long-term effects resulted from inhibited a-farnesene oxidation, 
with greater reduction of CT281 than CT258 concentration, and thus a higher 
CT258/CT281 ratio (Table 10.6). Both effects lessen scald development (Table 
10.3). 
The evidence is strong that CT281 and CT258 are separate CT species or 
groups of CT species, representing different potentials for scald development. 
However, we have no evidence to indicate whether CT258 is a non-toxic 
species, i.e., not leading to scald, or a species that may protect against scald 
development under different conditions, but regardless of its fate, CT258 
accumulation reduces the intensity of stress on cells in the apple peel. 
We presume that whether or not scald symptoms develop is determined 
by the extent of metabolic stress that a-farnesene metabolism places on cells in 
the fruit peel. Our model proposes that ’short-term effects’ of ripening intensify 
this stress, while ’long-term effects’ lessen it. Thus, the consequence of a given 
condition would be determined by the balance that develops between these 
effects. Preharvest ethephon treatments to Cortland apples placed great stress on 
them, as seen in the higher concentrations of a-farnesene and CTs at harvest 
(Table 10.1). This may result from the high capacity of this cultivar for 
ethylene and a-farnesene synthesis (Watkins et al., 1993). These treatments 
caused scald to develop sooner than on control fruit, and they overrode some of 
the ameliorating effects of delayed harvest (see 16 and 23 Sept, harvests) (Table 
10.2). Thus, ameliorization by delayed harvest may result from an enhanced 
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’long-term effect’ of ripening, since the CT258/CT281 ratio rose linearly in 
later harvested control fruit after 20 weeks at 0C (Table 10.2). The importance 
of this ratio is seen in fruit with different extents of scald development; whether 
or not fruit were treated with ethephon before harvest, higher ratios were 
associated with less scald (Table 10.3). Furthermore, lessening of scald by 
DPA treatment was associated with a higher CT258/CT281 ratio (Table 10.6). 
These results are similar to those reported earlier (Du and Bramlage, 1993). 
These findings may explain some of the conflicting reports on scald 
development under different experimental conditions. In particular, ethephon 
treatments either can increase or decrease scald development. Application to 
Delicious (Couey and Williams, 1973; Greene et al., 1977a; Hammett, 1976) 
and Granny Smith (Lurie et al., 1989b; Watkins et al., 1982) reduced scald, 
while applications to Cortland (Windus and Shutak, 1977) and to McIntosh 
(Greene et al., 1974) increased it. Since Delicious and Granny Smith have 
much lower capacity for ethylene synthesis than do Cortland and McIntosh, 
applications of ethephon to them could have resulted in much less ’short-term 
effect’ (i.e., cx-farnesene and CT accumulation). Furthermore, Delicious fruit 
were much less responsive to prestorage DPA treatment than Cortland fruit 
under the same conditions (Du and Bramlage, 1993). In another report, Greene 
et al., (1977b) found that mid-summer ethephon application to McIntosh did not 
increase scald although it caused earlier fruit ripening. Ethephon treatment at 
that time increased ethylene synthesis only modestly, and therefore should not 
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have caused much-’short-term effect’, and perhaps also enhanced the ’long-term 
effect’. 
Similarly, these findings can help to explain the ameliorating effect of 
delayed harvest. As early as 1919, Brooks et al. ranked fruit maturity (time of 
harvest) as the most important of 16 factors or treatments that affect scald 
development. The effect is associated with preharvest exposure to cool 
temperature (Barden and Bramlage, 1993a) and to some extent, accumulation of 
endogenous antioxidants (Barden and Bramlage, 1993b). Our results suggest 
that delayed harvest in some way alters a-farnesene metabolism during storage 
at OC, favoring accumulation of CT258 over that of CT281 as seen in Table 2. 
In summary, ethylene appears to be critically involved in scald 
development, stimulating accumulation of a-farnesene and CTs in fruit peel. In 
assessing effects of different conditions on scald development, ethylene 
synthesis and accumulation in fruit need to be considered. However, fruit 
development (metabolism and ripening) has a continuing effect, influencing the 
way in which a-farnesene is metabolized. How a given conditions or treatment 
will affect scald development on susceptible cultivars probably is determined by 
the balance between these effects that occurs in the fruit peel. 
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Table 10.1. Effects of application of 0.5g.L'‘ ethephon 10 days before harvest 
on starch score and on hexane extractable components of Cortland apple fruit 
surfaces at harvest time 
Harvest Starch a-Farnesene CT258 CT281 
date index3 (nmoles, cm'2) CT258/CT281 
Control 
3 Sept 2.7 12 6.18 1.71 3.77 
9 Sept 3.2 7 4.88 1.01 4.87 
16 Sept 2.9 22 11.12 2.60 4.35 
23 Sept 4.1 25 6.73 1.92 3.56 
30 Sept 5.3 41 9.14 3.06 3.00 
7 Oct 5.8 53 10.02 2.80 3.66 
Significance15: 1 *** *** ** *** * 
q *** *** * *** ns 
Ethephon-treated 
3 Sept 4.8 75 26.08 8.69 3.00 
9 Sept 4.8 85 20.28 6.99 2.92 
16 Sept 4.8 90 20.66 7.94 2.70 
23 Sept 5.5 136 17.97 8.64 2.10 
30 Sept 5.3 44 9.35 3.37 2.93 
7 Oct 6.1 102 14.33 4.05 3.54 
Significance: i *** ns *** *** ns 
q *** ns *** *** ** 
Analysis of Variance 
Ethephon (E) *** *** *** *** *** 
Harvest (H) *** *** *** *** *** 
E x H ** *** *** *** *** 
a Based on pictorial chart, where 1 to 3 = immature, 4 to 6 = mature, 
and 7 to 8 = overmature. 
b ***? ** *5 ns. significant at p = 0.001, 0.01, and 0.05, or not 
significant. 1 = linear, q = quadratic relationships. 
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Table 10.2. Effects of application of 0.5g.L' ethephon 10 days before harvest 
on hexane-extractable components of fruit surface of Cortland apples at 
removal from PC storage, and on percent of fruit with scald at removal and 
after 7 days at 20C. 
Harvest a-Famesene CT258 CT281 Percent scald 
date (nmoles.cm*2) CT258/CT281 Removal 7 days 
Control 
3 Sept 92 11.5 13.4 0.87 5 92 
9 Sept 90 11.3 9.5 1.21 3 89 
16 Sept 86 11.6 8.1 1.46 3 74 
23 Sept 68 12.5 9.1 1.40 3 64 
30 Sept 81 13.9 8.3 1.73 0 53 
7 Oct — — — — — 41 
Significance*: 1 ** * ** ** ns *** 
q * * ** ** ns *** 
Ethephon-treated 
3 Sept 91 26.8 11.9 2.28 70 94 
9 Sept 90 24.9 9.4 2.69 50 89 
16 Sept 83 18.7 10.4 2.03 60 95 
23 Sept 70 20.9 11.6 1.83 55 94 
30 Sept 83 13.1 6.5 2.03 35 59 
7 Oct — — — — — 41 
Significance: 1 ** *** ns ns * *** 
q * *** ns ns * *** 
Analysis of Variance 
Ethephon (E) ns *** ns *** *** ns 
Harvest (H) *** *** ns * *** 
E x H ns *** ns ** ns *** 
a ***? ** *? ns. signiflcant at p = 0.001, 0.01, and 0.05, or not 
significant. 1 = linear, q = quadratic relationships. 
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Table 10.3. Hexane extractable components of Cortland apple peel from fruit 
with different amounts of superficial scald on their surface. Fruit were from the 
9 Sept, harvest that had been stored 20 weeks at 0C plus 7 days at 20C. Ten 
fruit samples with the indicated scald incidence were selected from each of four 
replications. 
Surface affected 
with scald 
(%) 
a-Farnesene CT258 
(nmoles, cm'2) 
CT281 
CT258/CT281 
Control 
0 119 14.1 9.2 1.54 
1 to 33 100 12.1 10.9 1.12 
> 66 71 9.7 10.9 0.90 
Signif. of Regression3: 1 *** *** * *** 
q 
*** *** * *** 
Analysis of Variance: *** *** * ** 
Ethephon-treated 
0 108 36.0 8.7 4.18 
1 to 33 93 31.0 10.8 2.94 
> 66 64 23.3 10.1 2.31 
Signif. of Regression: i *** ** ns *** 
q *** ** ns *** 
Analysis of Variance: *** ** ns *** 
_a ***, ** *, ns: Significant at p = 0.001, 0.01, and 0.05, or not 
significant. 1 = linear, q = quadratic relationships. 
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Table 10.4. Effects of application of ethephon and/or DPA to Cortland apples 
at harvest on ethylene production and on hexane-extractable components of fruit 
surface during 18 days at 20C. Data are combined results of observations in 
Figure 1. 
Treatment Ethylene 
production 
(Jil. kg1.hr1) 
a-Farnesene CT258 
(nmoles, cm'2) 
CT281 
CT258/CT281 
Control 90 61 6.01 1.90 4.14 
Ethephon (E) 124 69 7.94 2.51 4.62 
DPA (D) 67 41 3.83 1.13 4.16 
E + D 114 55 6.39 1.67 4.45 
Analysis of Variance3 
Ethephon (E) *** *** *** *** ns 
DPA (D) *** *** *** *** ns 
Time at 20°C (T) *** *** *** *** *** 
E x D ns ns ns ns ns 
E x T *** *** *** ** ns 
D x T ns *** *** *** ns 
E x D x T ns ns ns ns ns 
a ***? **, ns. signifiCant at p = 0.001, and 0.01, or not significant. 
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Table 10.5. Effects of application of ethephon and DPA to Cortland apples after 
10 weeks of storage at 0C on ethylene production and on hexane-extractable 
components of fruit surface during 16 days at 20C. Data are combined results 
of measurements during the 16 days at 20C. 
Days Ethylene a-Farnesene CT258 CT281 
at 20C Treatment 
production 
Oil.kg*1.hr1) (nmoles, cm'2) CT258/CT281 
1 Control 125 95 9.54 4.63 2.10 
1 to 16 Control 217 45 10.23 4.05 2.58 
Ethephon 232 47 11.63 4.85 2.71 
DPA 200 41 11.38 4.01 2.89 
Analysis of Variance3 
Ethephon vs Control * ns ns ** ns 
DPA vs Control ** * ns ns * 
a ** *? ns. significant at p = 0.01, and 0.05, or not significant. 
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Figure 10.1. Effects of ethephon (O.Sg.L1) and/or DPA (2g.L'!) application at 
harvest on ethylene production (A) and on accumulation of a-farnesene (B), 
CT281 (C), and CT258 (D) in peel of Cortland apples at 20C without storage 
of fruit at 0C. Control, open circle; Ethephon, open triangle; DPA, filled 
circle; Ethephon plus DPA, filled triangle. 
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X-> a-Farnesene —> CT281-> Z-> Scald 
Figure 10.2. Proposed model of ethylene-mediated effects on synthesis of a- 
farnesene and its metabolism, and on scald development. 
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CHAPTER 11 
a-FARNESENE METABOLISM AND POSTHARVEST DISORDERS 
IN APPLES: EFFECTS OF FRUIT SIZE AND CULTIVAR 
Abstract 
In a series of experiments, the effects of fruit size and cultivar difference 
on o'-farnesene metabolism and on development of postharvest disorders were 
investigated. Results indicated that larger fruit tended to be more susceptible 
than smaller ones to superficial scald, senescent breakdown and decay. In 
separate experiments, more severely-scalded fruit had relatively higher fruit 
weight, and smaller fruit had lower scald incidence. In randomly-selected fruit, 
there were no consistent differences in a-farnesene and CT concentrations 
among sizes, but large fruit produced more ethylene on the basis of unit surface 
area than small fruit. However, among scald-free fruit, larger ones contained 
slightly higher a-farnesene and CT281 concentrations, and much higher CT258 
concentrations, resulting in much higher CT258/CT281 ratios than for smaller 
fruit. Comparisons among cultivars showed that scald-resistant ones generally 
contained less hexane-extractable substances, that these substances were less 
affected by fruit maturity, and that the scald-resistant cultivars had higher 
CT258/CT281 ratios after storage than did scald susceptible ones. 
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Introduction 
Different postharvest disorders of apples are associated with different 
factors. Senescent breakdown, by its name, is a disorder believed to be caused 
by physiological senescence (Leshem et al., 1986; Rhodes, 1980), and by low 
fruit calcium concentrations (Bramlage et al., 1980). Superficial scald, a 
disorder that can occur after long-term storage at near 0C, is associated with a- 
farnesene oxidation to conjugated triene hydroperoxides (CTs) (Anet and 
Coggiola, 1974; Anet, 1969; Huelin and Coggiola, 1968), and the further 
metabolism of CTs in vivo (Du and Bramlage, 1993a; 1993b). However, 
factors such as maturity (Anet, 1972; Conway and Sams, 1985; Huelin and 
Coggiola, 1970), mineral composition (Marmo et al. 1985; Martin et al., 1975; 
Perring and Jackson, 1975), antioxidant concentrations (Leshem et al., 1980; 
Meir and Bramlage, 1988), and cultivar differences (Huelin and Coggiola, 
1968; Drake et al., 1979; Conway and Sams, 1985) may contribute to two or 
more disorders. Fruit size of apples also was reported to be associated with 
disorders under some conditions (Marmo et al, 1985; Perring and Jackson, 
1975). It became a major variable in models to predict poststorage disorders 
(Bramlage et al., 1985; Marmo et al., 1985; Martin et al., 1975). However, the 
relationships between fruit size and different disorders, especially for different 
apple cultivars, have not been fully evaluated. 
Cortland is a cultivar highly susceptible to scald. In our early 
experiments, we observed that often most of the scald-free fruit after storage 
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were smaller than the scalded fruit. This present study was conducted to 
investigate the relationship of fruit size and disorders, with an emphasis on the 
relationship with scald and a-farnesene oxidation. In addition, c*-farnesene 
accumulation and metabolism in apple cultivars with different susceptibilities to 
scald were examined at harvest and after storage at OC. 
Materials and Methods 
Fruit for these experiments were from mature trees grown at the 
University of Massachusetts Horticultural Research Center in Belchertown, 
Massachusetts under standard horticultural conditions. A two-year investigation 
was conducted from 1990 to 1992. 
In 1990-1991, about 200 Cortland fruit were harvested from a single tree 
and stored at OC for 30 weeks. After transferring the fruit to 20C for 7 days, 
189 fruit were evaluated individually for scald, senescent breakdown, and 
rotting. Disorders were evaluated by incidence and intensity, using a scoring 
system of 0 = no symptom, 1 = > 1 % < 10%, 2 = > 11% <33%,3 = 
>34% < 67%, 4 = >67% < 100% of surface area affected. At the same 
time, each fruit also was measured for weight and volume, from which its 
density was calculated. 
The volume of a single fruit was measured as follows: into a plastic 
container of about 2-liter size was cut a small hole at about 2/3 height, and a 
tube was connected from the hole to a beaker. The container was filled with 
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water to the height of the hole, and then a fruit was put in and completely 
submerged with a small glass bar. After equilibrium was reached, the overflow 
volume of the water was measured. 
Among fruit which had not developed scald, 5 groups of different 
weights were selected, and 5 fruit from each group were extracted in hexane 
and measured for a-farnesene and CTs as described previously (Du and 
Bramlage, 1993a). 
In 1991-1992, 4 experiments were conducted. First, Cortland apples with 
or without 500 ppm ethephon treatment 10 days before harvest were harvested 
on 3 Sept., and stored for 20 weeks at 0C. Four individual trees served as 
replicates, and about 140 fruit per tree were harvested. After transfer to 20C 
for 7 days, scald was evaluated and the fruit of each replication were then 
sorted according to their scald score (0 to 4). The average weight of each group 
was determined. Second, Cortland apples were harvested on 9 Sept., and stored 
at 0C for 20 weeks. After transfer to 20C for 7 days, fruit of each replication 
(about 140 fruit) from each of 4 trees were first sorted into 3 groups according 
to relative size (i.e. small, medium and large), with equal numbers of fruit in 
each size group. Then, each size group was evaluated for scald incidence and 
scald score, respectively. Third, Cortland apples were harvested on 23 Sept., 
and stored at 0C for 20 weeks. Among about 160 fruits of each of 4 single tree 
replicates, 10 small, medium, and large fruit were selected. Five fruit of each 
size group were kept at 0C to measure ethylene production and to extract in 
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hexane. The other 5 fruit of each size group remained at 20C for 3 days, and 
then their ethylene production at 20C was measured and hexane extracts were 
made for measuring a-farnesene and CTs. 
In the fourth experiment in 1991-1992, 4 cultivars (Cortland, Delicious, 
Golden Delicious, and Empire) were selected for comparison. Cortland and 
Delicious were susceptible, while Empire and Golden Delicious were resistant, 
to scald under local growing conditions. Two harvests (early and late) of each 
cultivar were made, i.e. 23 Sept.and 8 Oct. for Cortland and Empire; 30 Sept 
and 15 Oct. for Delicious; and 4 Oct. and 22 Oct. for Golden Delicious. About 
160 fruit were harvested from each of 4 single-tree replicates for each harvest 
of a cultivar. Harvested fruit then were stored in air at 0C for 20 weeks for 
Cortland and Empire cultivars, or 30 weeks for Delicious and Golden Delicious 
cultivars. Scald incidence was evaluated 7 days after fruit were transferred to 
20C following storage at 0C. Samples of 10 fruit for each harvest of each 
cultivar were taken for hexane extracts and measurements of a-farnesene and 
CTs at harvest time, at the end of storage at 0C, and on day 3, 5, 7, and 9 
after fruit were transferred to 20C from storage at 0C. 
Data were subjected to analyses of variance or regression. Means were 
separated with LSD or orthogonal polynomial comparisons when applicable. 
The SAS Statistical Software (SAS Institute, Cary, NC) was used for the 
analyses. 
Results and Discussion 
Effects of Fruit Size 
In the 1990-1991 experiment, 21%, 40% and 61% of the fruit developed 
scald, senescent breakdown and rotting, respectively. Rotting scores were 
positively correlated with fruit weight and volume, and highly negatively 
correlated with fruit density (Table 11.1). High breakdown scores and scald 
scores tended to be associated with larger fruit, i.e. higher weight and volume, 
but this association was not statistically significant (Table 11.1). The non¬ 
significance of the size relationships to scald score or breakdown score in this 
experiment could be due to the low scald incidence (21 %) and low breakdown 
incidence (40%), and therefore the limited numbers of fruit in the scald score 
and breakdown classes. However, scald score, breakdown score and rotting 
score were associated with each other, i.e. scald vs breakdown was significant 
at p=0.001 level, scald vs rotting was significant at 0.05 level, and breakdown 
vs rotting was significant at 0.001 level. 
In the 1991-1992 experiments, fruit with high scald intensities had 
greater weight (Table 11.2). In the ethephon experiment, all scalded fruit 
(regardless of scald intensity) were heavier than the unscalded fruit. 
Furthermore, as fruit size increased, scald intensity increased, although the 
relationship was less evident in ethephon-treated than in control fruit. 
When stored fruit were first sorted into size groups and then evaluated 
for subsequent scald development and intensity at 20C, the smallest size-group 
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contained the most scald-free fruit (scald score of 0), and the fewest fruit with 
maximum scald intensity (scald score of 4)(Table 11.3). 
When ethylene production and composition of hexane extracts were 
compared for fruit in the different size groups at both 0C and 20C, small fruit 
produced less ethylene (Table 11.4). This difference was not evident on a 
weight basis, but was on a surface area basis. Because hexane extracts were 
from fruit surfaces, the differences in ethylene production per unit surface area 
may be relevant to scald development. In the hexane extracts, a-farnesene was 
similar in fruit of different sizes at removal from 0C, but it declined much 
more rapidly in the smallest fruit after transfer to 20C. Conversely, CT258 
increased only in large fruit after transfer to 20C. Size relationships to CT281 
were not consistent, and consequently differences in CT258/CT281 ratios were 
not significant among size groups. Larger fruit tended to have higher ratios, but 
these differences were not significant (Table 11.4). 
In the experiment in which only fruit with no scald symptoms after 30 
weeks of storage at 0C were considered and were sorted into size groups, after 
7 days at 20C a-farnesene, CT281, CT258, and the CT258/CT281 ratio all 
increased as fruit weight increased (Table 11.5). In particular, the 
CT258/CT281 ratio increased greatly as fruit size increased. It should be noted 
that a-farnesene and CT281 were lower, and CT258 and CT258/CT281 were 
higher, in Table 11.5 than in Table 11.4. Table 11.4 includes many fruit that 
developed scald, whereas Table 11.5 represents only scald-free fruit. 
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There have been many reports of the positive associations of fruit size 
with disorders, and this association often has been related to another negative 
association, that of fruit size and calcium concentration. Thus, calcium level is 
assumed to be a major factor in disorder development, and can be used as a 
predictor of disorders in apples (Bramlage et al., 1985; Marmo et al., 1985). 
This calcium explanation is strongly supported by the fact that increased 
calcium level in apple fruit often can reduce both senescent breakdown and 
scald (Drake et al., 1979; Lurie and Klein, 1992). However, in the case of 
scald, which is believed to be caused by a-farnesene oxidation (Anet and 
Coggiola, 1974; Ingle and D’Souza, 1989), calcium has not been demonstrated 
to have effects on the process of a-farnesene oxidation. In our previous study 
(Du and Bramlage, 1993a and 1993b), a modified hypothesis of scald 
development was proposed, in that the induction of scald by a-farnesene 
oxidation involves a metabolic pathway controlled at two key points, namely, 
a-farnesene synthesis, which is strongly influenced by ethylene through its 
’short-term’ effect (stimulating a-farnesene synthesis), and the metabolism of 
CT281 to CT258 and other toxic substances, which is influenced by ethylene 
through its ’long-term’ effect (diverting CT281 metabolism toward formation of 
CT258). The CT258/CT281 ratio strongly reflected the action of the second 
control point. The association of fruit size with scald may be explained within 
our modified hypothesis. We can assume that unscalded fruit were protected 
from scald development, or else they could have scalded. Among these fruit, 
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increased size was associated with increased concentrations of a-farnesene and 
CTs in their peel (Table 11.5), suggesting that large fruit had higher potential 
to develop scald than small fruit. Thus, smaller fruit may have been protected 
by low rates of a-farnesene synthesis and its peroxidation, i.e., by action of 
the first control point. However, as size increased, the CT258/CT281 ratio 
increased in these unscalded fruit, suggesting that CT metabolism varies in fruit 
of different sizes. The large fruit that did not scald may have been protected by 
action of the second control point, so that while a-farnesene and CT281 were 
abundant in their peel, the second control point had diverted sufficient 
metabolism toward formation of CT258 so that scald did not occur. The poorer 
correlation of size and scald intensity in ethephon-treated than in control fruit 
(Table 11.2) may indicate the dual effects of ethylene in these fruit confounded 
the relationships that existed in control fruit. 
There is a possible linkage between the calcium explanation for greater 
scald on large fruit and the explanation within our modified scald hypothesis. 
Low calcium was reported to enhance lipid peroxidation in animal systems 
(Bors et al., 1990; Jackson, 1990), although this effect has not been reported in 
plant systems However, high calcium level can depress ethylene production in 
plants (Ferguson et al., 1983; Ferguson, 1984; Poovaiah, 1986), and thus 
reduce scald development by suppressing ethylene production (Du and 
Bramlage, 1993b). 
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Effects of Cultivar Differences 
Golden Delicious and Empire apples are scald-resistant cultivars, while 
Cortland and Delicious are scald-susceptible ones. In our experiment, the first 
two did not develop any scald, while the latter two developed scald, with higher 
incidence on Cortland than on Delicious (Table 11.6). Differences in 
accumulation and metabolism of a-farnesene and CTs among the 4 cultivars 
were observed. At harvest, Cortland fruit contained higher cx-farnesene and CTs 
than the other 3 cultivars, while Empire had a lower ratio of CT258/CT281 
than the others. After 20 or 30 weeks of storage at 0C, Cortland and Delicious 
contained more a-farnesene and CTs and had lower CT258/CT281 ratios than 
the other 2 cultivars. 
Time of harvest had different effects on the accumulation of a-farnesene 
and CTs among the 4 cultivars. At harvest of Cortland and Delicious, late- 
harvested fruit had significantly higher cx-farnesene and CTs, while their 
CT258/CT281 ratios were the same for both harvests (Table 11.7). However, 
after storage late-harvested fruit contained nearly the same amount of a- 
farnesene and CT281 as did early-harvested fruit, but had significantly higher 
CT258/CT281 ratios than did early-harvested fruit. On the other hand, at 
harvest of the scald-resistant cultivars, late-harvested fruit contained little or no 
more a-farnesene and CTs than did early-harvested fruit. After storage, both 
early- and late-harvested fruit contained similar amounts of a-farnesene and 
CTs and also similar CT258/CT281 ratios (Table 11.7). 
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Generally speaking, there were 4 tendencies which may contribute to the 
differences between the scald-resistant and scald-susceptible cultivars. First, 
scald-susceptible Cortland apples contained the highest concentrations of a- 
farnesene and CTs in the fruit at harvest (Table 11.6). Second, the scald- 
susceptible cultivars contained the highest CT concentrations after storage 
(Table 11.6). Third, the scald-susceptible cultivars had the lowest 
CT258/CT281 ratios after storage (Table 11.6). Fourth, accumulation of a- 
farnesene and CTs, and the CT258/CT281 ratio, were less affected by time of 
harvest in scald-resistant than in scald-susceptible cultivars (Table 11.7). 
Synthesis and accumulation of a-farnesene and CTs are correlated closely with 
fruit ripening (Watkins et al., 1993; Du and Bramlage, 1993b), and are 
positively correlated with ethylene production (Du and Bramlage, 1993b). 
Ethylene production is greater in Cortland, Delicious, and Golden Delicious 
than in Empire apples (Meir and Bramlage, unpublished data), and therefore 
their stimulus for a-farnesene synthesis is greater. It would appear that in 
Golden Delicious, ethylene does not have the capability to stimulate a-farnesene 
synthesis as strongly as it does in the other cultivars. Huelin and Coggiola 
(1968) also noted differences in a-farnesene accumulation between scald- 
susceptible and scald-resistant cultivars. However, our data also show that there 
was a difference in CT metabolism between scald-susceptible and scald-resistant 
cultivars, since the resistant ones contained higher CT258/CT281 ratios than did 
the scald-susceptible ones after storage (Table 11.6), which we have shown to 
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be associated with less scald development under a variety of experimental 
conditions (Du and Bramlage, 1993a and 1993b). 
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Table 11.1. Relationships of disorder (scald, senescent breakdown and rotting) 
scores with apple size. Cortland apples were harvested on 10 Oct., 1990 and 
stored at 0C for 30 weeks. After 7 days at 20C, 21 %, 40% and 61 % of apples 
developed scald, senescent breakdown and rotting, respectively8. 
Disorder 
score Weight Volume Density 
Scald 
0 191.4 253.1 0.759 
1 184.7 246.1 0.753 
2 175.3 232.6 0.754 
3 242.5 321.1 0.756 
4 221.7 303.0 0.735 
Linear regression*: 1 ns ns ns 
q ns ns ns 
Senescent breakdown 
0 188.0 248.0 0.760 
1 187.5 250.1 0.752 
2 191.4 257.5 0.746 
3 194.4 260.2 0.752 
4 213.7 282.8 0.755 
Linear regression: l ns ns ns 
q ns ns ns 
Rotting 
0 177.2 230.2 0.772 
1 194.2 259.6 0.750 
2 203.2 272.0 0.748 
3 201.6 269.2 0.750 
4 185.6 254.7 0.732 
Linear regression: l * ** *** 
q 
** *** *** 
8 The scald score was correlated positively with the senescent breakdown 
score and the rotting score at p=0.001 and 0.05 level, respectively, and the 
senescent breakdown score was correlated positively with the rotting score at 
p=0.001 level. 
b ***^ **, an(j ns significance at p=0.001, 0.01, and 0.05 level, 
or non-significance. 1=linear, and q=qudratic. 
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Table 11. 2. Correlations of scald scores with apple weight. Cortland apples 
with or without ethephon treatment before harvest were harvested on 3 Sept 
1991 and stored at OC for 20 weeks. After 7 days at 20C, apples were divided 
into 5 groups according to their scald score, and weighed. 
Weight (g) 
Scald score -Ethephon8 +Ethephon Overall 
0 142.4 134.8 138.0 
1 154.3 147.4 150.8 
2 159.0 159.6 159.3 
3 159.9 158.1 159.0 
4 160.4 153.4 156.9 
Significance of regression15: 1 ** ns ** 
q *** * ** 
c ** ns ** 
a Differences between ethephon treatment and control in fruit weight or 
percent scald were not significant (p=0.05). 
b ***? **? an(J ns are signiflcance at p=o.001, 0.01, and 0.05 level, 
or non-significance. l = linear, q=qudratic, and c=cubic. 
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Table 11.5. Comparisons of hexane extracts of scald-free Cortland apples of 
different weights. Duplicate samples were taken from among replicates of 
apples which had not developed scald after 7 days at 20C following 30 weeks 
of storage at 0C. Apples were harvested on 10 October, 1990. Data are means 
of 2 duplicates. 
Weight a-Farnesene CT258 CT281 Ratio of 
CT258/CT281 (grams) (nmoles, cm"2) 
<140 12.6 7.0 3.3 2.12 
160 to 170 13.3 8.6 3.8 2.30 
190 to 200 14.3 11.8 4.0 2.91 
215 to 225 19.1 17.6 5.5 3.22 
>240 17.2 15.1 4.1 3.60 
Significance of Regressions: 
1 * *** ns *** 
q ns ** ns *** 
c ns ** * *** 
a ***? **^ and ns are signiflcance at p=o.001, 0.01, and 0.05 level, 
or non-significance. l = linear, q=qudratic, and c=cubic. 
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Table 11.6. Comparisons of hexane extractable components of apple surfaces, 
and scald development among four cultivars". 
Time of 
measurement Cultivar 
a-Farnesene CT258 
(nmol.cm'2) 
CT281 Ratio 
of 
CT258/CT281 
Scald 
(%) 
At harvest Cortland 47.5ab 9.81a 3.22a 3.21a 
Deli. 18.3b 3.71b 1.13b 3.39a 
G. Deli. 13.3b 3.88b 1.08b 3.54a 
Empire 12.6b 2.07c 0.85b 2.45b — 
After storage Cortland 69.8a 10.88a 7.73b 1.54c 49a 
Deli. 47.5c 12.50a 9.21a 1.37c 16b 
G. Deli. 23.3d 6.68b 3.40c 1.91a 0c 
Empire 57.6b 4.67c 2.76c 1.71b 0c 
Overall' Cortland 53.4a 12.47a 7.25a 1.96b 
Deli. 36.9b 10.31b 7.46a 1.69c 
G. Deli. 18.5c 5.79c 2.90b 2.18a 
Empire 34.9b 5.02c 2.74b 1.92b — 
a Fruit were harvested twice for each cultivar. Cortland and Empire were 
stored for 20 weeks, and Delicious and Golden Delicious were stored for 30 
weeks. Data were means of four replications. 
b Means within time of measurement and column but with no common 
letter are significantly different at p=0.05, by Duncan’s New Multiple Range 
Test. 
c Data were means of combined results of all observations within each 
cultivar. Samples were taken at harvest time, and after 1, 3, 5, 7, and 9 days at 
20°C following cold storage. 
232 
Table 11.7. Comparisons of hexane extractable components of apple surfaces, 
and scald development between early- and late-harvested fruit of four cultivars. 
Time of 
measurement Harvest 
or-Famesene CT258 
(nmol, cm'2) 
CT281 Ratio 
of 
CT258/CT281 
Scald 
(%) 
At harvest Early 28.0 
Cortland 
6.56 2.17 3.37 
Late 67.0 13.06 4.27 3.05 — 
F test* ** ** * ns — 
After storage Early 73.5 9.30 9.18 1.07 68 
Late 66.0 12.45 6.29 2.01 29 
F test * *** ns ** ** 
At harvest Early 9.8 
Delicious 
2.76 0.84 3.40 
Late 26.7 4.67 1.43 3.39 -— 
F test * ** * ns — 
After storage Early 48.3 11.27 9.65 1.17 27 
Late 46.7 13.73 8.77 1.57 5 
F test ns ns ns * *** 
At harvest Early 
Golden Delicious 
10.9 3.33 1.01 3.26 
Late 15.7 4.44 1.16 3.81 — 
F test ** ns ns ns — 
After storage Early 20.4 4.76 2.80 1.67 0 
Late 26.2 8.60 4.00 2.16 0 
F test * ns ns ns — 
At harvest Early 8.3 
Empire 
1.66 0.72 2.39 
Late 16.9 2.48 0.99 2.55 — 
F test * * ns ns — 
After storage Early 63.5 4.57 2.80 1.66 0 
Late 51.7 4.78 2.72 1.76 0 
F test ** ns ns ns — 
a ***, **^ an(j ns are significanCe at p=0.001, 0.01, 0.05, or non¬ 
significance. 
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CHAPTER 12 
EFFECTS OF WARMING INTERRUPTION 
ON THE SYNTHESIS AND METABOLISM OF a-FARNESENE 
AND ON SCALD DEVELOPMENT ON CORTLAND APPLES 
Abstract 
When Cortland apples were stored at OC and 20C, OC reduced ethylene 
production but increased accumulations of a-farnesene and CTs in fruit peel, 
but it resulted in a lower CT258/CT281 ratio than did 20C. At 20C, no fruit 
developed scald, but at OC 84% of the fruit scalded. When fruit were stored at 
OC but were transferred to 20C for 5 days after 0, 2, 4, 6, or 8 weeks at OC, 
transfer after 2 and 4 weeks reduced scald, but transfer after other times did 
not. During the warming treatments, ethylene production and accumulations of 
o'-farnesene and CTs were increased. However, only warming after 2 and 4 
weeks at OC reduced CT281 and increased CT258/CT281 ratios at the end of 
storage, when scald developed. 
Introduction 
Superficial scald is believed to be induced by oxidation of a-farnesene 
(Huelin and Coggiola, 1970a and 1970b; Anet and Coggiola, 1974). Brooks et 
al. (1919) observed that both delaying storage after harvest and shifting fruit 
from one storage temperature to another reduced post-storage scald 
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development in apples. Smith (1959) found that interrupting cold storage by a 
short temporary transfer to warm temperature greatly reduced scald 
development. Smith (1959) also found that warming interruption of cold storage 
had considerably different effectiveness in reducing scald, depending on how 
long the fruit had first been in cold storage. Lurie et al. (1990, and 1991) 
reported that prestorage heating at 38C was effective in reducing scald 
development by suppressing accumulation of a-farnesene and conjugated trienes 
(CT) in Granny Smith apples. The heat treatment also improved poststorage 
quality (Klein and Lurie, 1990 and 1992). Lurie and Klein (1990) also reported 
similarities between calcium treatment and heat treatment, and hypothesized that 
heat treatment may affect the de novo synthesis of proteins (Lurie and Klein, 
1992). 
The physiological mechanism of effects of warming interruption on 
apples was not determined. It was observed recently in our laboratory that scald 
development was determined both by the accumulation and by the metabolism 
of CTs (Du and Bramlage, 1993a), and was regulated by ethylene (Du and 
Bramlage, 1993b). Fruit kept at warm temperature did not always accumulate 
less CTs than fruit at low temperature, but they apparently metabolized CTs 
differently, because they always developed a higher CT258/CT281 ratio (Du 
and Bramlage, 1993a and 1993b). 
The scald-ameliorating effects of a brief warming period during cold 
storage offers an opportunity to further examine the effects of temperature on 
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accumulation and metabolism of or-farnesene in apple fruit surfaces, as related 
to scald development. Experiments reported here were designed to pursue this 
opportunity. 
Materials and Methods 
Two experiments were conducted during the 1992-1993 season, using 
mature apple trees grown under normal commercial orchard conditions at the 
University of Massachusetts Horticultural Research Center, Belchertown, 
Massachusetts. 
Storage temperature 
Fruit from 4 single-tree replicates were harvested on 10 Sept., 1992 
when fruit were still preclimacteric (internal ethylene, 0.01 ppm; starch index, 
1.63). Half of the fruit (about 120 fruit) from each replicate were kept at 20C 
for 18 days. Samples of 10 fruit were taken from each replicate every 3 days 
for ethylene measurement and for hexane extraction and measurement of a- 
farnesene and CT concentrations as described previously (Du and Bramlage, 
1993a). The other half of each sample were kept at 0C for 20 weeks and 
samples were taken every 4 weeks for measurements as above. At the end of 
the experiment periods, fruit were transferred to 20C for 7 days and then 
evaluated for scald development. 
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Warming interruption 
Preclimacteric fruit of 4 single-tree replicates were harvested on 1 Sept., 
1992 (internal ethylene, 0.05 ppm; starch index, 1.50), and randomly divided 
into 6 lots of 100 fruit each. Lot 1 was stored at continuous 0C and samples 
were taken periodically until the end of 20 weeks. Lots 2 to 6 were kept at 0C 
first and then transferred to 20C for 5 days (warming interruption) at 0, 2, 4, 
6, and 8 weeks of storage at 0C, respectively, and then returned to storage at 
0C. Samples were taken from each of the above lots on the first and last days 
of each warming interruption treatment, and again 4 and 8 weeks after fruit 
were returned to 0C following warming interruption. Samples also were taken 
from all lots at the end of 20 weeks of storage at 0C, and on the seventh day 
after fruit were transferred to 20C following 20 weeks of storage at 0C. Scald 
development was evaluated after 20 weeks of storage at 0C plus an additional 7 
days at 20C. 
Each sample obtained above contained 10 fruit and was used for 
measurements of ethylene production, and a-farnesene and CTs in the fruit. 
Color index of fruit also was assessed after storage, using a standard color chart 
(Southwick and Hurd, 1948). 
Data were subjected to Analyses of Variance. LSD or Duncan’s New 
Multiple Range Test was used to separate means when applicable. 
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Results 
Effects of storage temperature 
When fruit were kept at OC or 20C, the time-courses for changes in 
ethylene production and accumulations of a-farnesene and CTs in apple peel 
were similar at both storage temperature, but the changes were different in 
magnitude (Table 12.1). At 20C both ethylene and a-farnesene began to 
increase soon after harvest. At 20C, these increases had begun 4 weeks after 
harvest. At 20C ethylene production reached its peak within 12 days of harvest, 
but at OC it increased throughout the 20 weeks of storage (Figure 12.1). a- 
Farnesene concentrations peaked at 12 days at 20C, and at 12 weeks at OC, 
after which it declined (Table 12.1 and Figure 12.1). However, while ethylene 
production was significantly higher at 20C, a-farnesene accumulation was 
significantly higher at OC (Table 12.1). When the ratios of cx-farnesene/ethylene 
production (F/E) were calculated, a two-phase pattern was evident for both 
temperatures: before the ethylene climacteric, F/E was very high (about 50), 
but once the climacteric began, the F/E ratio dropped rapidly to a low level 
(about 2)(Table 12.1 and Figure 12.1C). The F/E ratio dropped to a very low 
level at both temperatures after the climacteric began. Although overall the F/E 
ratio at OC was not higher than that at 20C (Table 12.1), after the climacteric 
began the F/E ratio at OC was 2.53 times higher than at 20C. The average F/E 
ratio was 0.79 from 9 to 18 days at 20C, and 2.00 from 4 to 20 weeks at 0C, 
and this difference was highly significant (p=0.001). 
238 
Both CT258 and CT281 accumulated more at OC than at 20C, although 
they followed similar time courses (Figure 12.2A and 12.2B). Whereas a- 
farnesene concentrations were about 1.8 times higher at OC than at 20C, CT281 
was 4.2 times higher and CT258 was 1.4 times higher at OC than at 20C (Table 
12.1) . The ratio of CT258/CT281 (CT ratio) changed greatly over time at both 
temperatures, declining with time, but it fell to much lower values at OC than at 
20C. No fruit kept at 20C developed scald, but 84% of the fruit at OC did 
develop scald. 
Effects of warming interruption 
Before being transferred to 20C for 5 days, apples at OC underwent 
changes essentially the same as those at OC in the previous experiment (Table 
12.2) . During warming after 2 to 8 weeks at OC, ethylene production increased 
greatly, but it returned to base level upon return to OC (Figure 12.3). a- 
Farnesene accumulation also increased greatly during warming after 2 to 4 
weeks at OC, but its concentrations in fruit peel declined after return to OC, and 
after 12 or more weeks at OC, little or no residual effect of warming was 
evident in a-farnesene concentrations in the fruit. There were large differences 
among treatments on F/E ratios during the first 12 weeks of storage, but late in 
storage, all fruit warmed after 2 to 8 weeks at OC had a lower ratio than those 
warmed at 0 weeks. CT281 concentrations increased somewhat during warming 
(Table 12.2), and upon return to OC they continued to rise, as occurs during 
low temperature storage. However, those fruit warmed after 2 to 4 weeks at OC 
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accumulated much less CT281 during storage than did controls (i.e. those 
warmed after 20 weeks at 0C), and those warmed after 0 weeks at 0C 
accumulated more CT281 than the controls (Figure 12.4). CT258 increased 
more than did CT281 during warming after 0, 2, 4, and 6 weeks at 0C, and 
fruit warmed at 0 weeks continued to rapidly accumulate CT258 during 0C so 
that after 16 weeks they contained higher CT258 than fruit of any other 
treatments (Figure 12.4). 
When fruit were removed from storage after 20 weeks, all that had been 
warmed were producing less ethylene than were controls (Table 12.3). Those 
warmed after 0, 2, or 4 weeks contained slightly less a-farnesene, those 
warmed after 0 weeks contained the highest concentrations of both CT258 and 
CT281, and those warmed after 2 or 4 weeks contained the lowest CT281 
concentrations. CT258/CT281 ratios were low in all fruit, probably as a result 
of their very early harvest, but those warmed after 2 or 4 weeks had the highest 
ratios among the 6 treatments. During the subsequent 7 days at 20C, these 
patterns generally persisted. 
When mean values for each treatment were compared, warming 
treatments increased ethylene production, a-farnesene, CT281, and CT258 
concentrations, and increased both the F/E and the CT258/CT281 ratios (Table 
12.4). Warming at 0 weeks rather than after the fruit had experienced some 
cold storage resulted in significantly less ethylene production, lower 
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accumulations of a-farnesene, and CT258, a higher accumulation of CT281 and 
a higher F/E ratio and a lower CT258/CT281 ratio. 
At removal from storage after 20 weeks at 0C, some scald was present 
on fruit, with incidence declining as time before warming increased (Table 
12.5). Warming had increased scald development. However, after 7 days at 
20C, most fruit had developed scald, but warming at 2 or 4 weeks had 
somewhat reduced scald incidence and intensity while warming at 0 weeks had 
increased scald incidence and intensity. Fruit color also was influenced by 
warming, with those warmed after 2, 4, or 6 weeks at 0C being significantly 
yellower than fruit in the other treatments, indicating that warming at these 
times advanced fruit ripening significantly. 
Because there were significant reductions of scald by some warming 
treatments, variables measured during this experiment were subjected to 
correlation analysis against scald incidence and intensity to see if some 
relationships dominated the findings (Table 12.6). There was little association 
between measurements at the beginning of warming with scald. At the end of 
warming, a-farnesene concentrations were highly correlated with scald, but the 
association was negative, not positive. Four and 8 weeks after warming, a- 
farnesene concentrations were positively correlated with scald, as was F/E, 
while ethylene production and CT258/CT281 were negatively correlated with 
scald after storage. When fruit were removed from storage, both CT258 and 
CT281 were positively correlated, but their ratio was negatively correlated with 
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scald. After 7 days at 20C, concentrations of a-farnesene and CT281 were 
positively correlated and CT258/CT281 was negatively correlated with scald. 
Discussion 
Results of these experiments are summarized as follows. 
1. Storage at OC rather than at 20C reduced ethylene production but 
increased accumulations of a-farnesene and CTs in apple peel (Table 12.1 and 
Figure 12.1 and 12.2). However, CTs were not increased uniformly, with low 
temperature stimulating accumulation of CT281 much more than that of CT258. 
2. Interrupting cold storage with a 5-day warming at 20C affected 
metabolism differently, depending on how long fruit were at OC before 
warming (Table 12.2). 
3. During warming, ethylene production and concentrations of a- 
farnesene and CTs in fruit peel increased, but these differences generally 
disappeared after return of the fruit to OC (Figure 12.3 and 12.4). 
4. At the end of storage, warming had lowered ethylene production and 
a-farnesene concentrations (Table 12.3). However, warming only after 2 or 4 
weeks at OC lowered CT281 concentration and raised the CT258/CT281 ratio. 
5. After 7 days at 20C following storage, warming only after 2 and 4 
weeks at OC reduced scald (Table 12.5). Warming at these times also increased 
yellow color of the fruit, indicating advanced fruit ripening. 
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6. Generally, ethylene production and a-farnesene concentration were 
correlated with scald when measured shortly after warming, at the end of 
storage (Table 12.6). 
Results are consistent with the view that scald is a chilling disorder, 
since it occurred only after low temperature storage. A warming interruption of 
chilling commonly ameliorates chilling damage (Wang, 1990), so the reduction 
of scald by warming (Table 12.5) is probably due to this effect. It should be 
noted that warming before chilling had no effect on scald; clearly, a reversal of 
a low temperature response was occurring. However, warming only reversed 
chilling after relatively brief chilling periods (2 and 4 weeks). After longer 
periods of chilling, events leading to scald development were irreversible 
by warming. 
Measurements made during this experiment provide some insight into the 
possible mechanism of these events. 
a. Chilling greatly enhanced the formation of a-farnesene in fruit peel 
(Table 12.1). If a-farnesene synthesis is induced by ethylene production 
(Watkins et al., 1993; Du and Bramlage, 1993b), then at chilling temperature 
ethylene is much more stimulatory than non-chilling temperature, since ethylene 
production was suppressed at 0C. This effect is expressed in the F/E ratio, 
which was 2.53-fold higher at 0C than at 20C after the ethylene climacteric 
began (Figure 12.1). 
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b. Chilling greatly enhanced the accumulation of CTs in apple peel 
(Table 12.1). This effect goes beyond the stimulation of its precursor, a- 
farnesene, since a-farnesene was 1.8 times higher at OC than at 20C, but 
CT281 was 4.2 times higher. 
c. Chilling does not increase CT258 concentrations proportionately with 
CT281 concentrations, since the CT258/CT281 ratio was lower at OC than at 
20C (Table 12.1). Since low CT258/CT281 ratios are closely linked with scald 
development under many conditions (Du and Bramlage, 1993b), this effect may 
be the ultimate cause of chilling-induced scald development. 
d. Warming interruption of chilling generally had two effects. First, it 
increased ethylene production, and increased accumulations of a-farnesene and 
CTs in fruit peel (Table 12.2). During this time it lowered the CT258/CT281 
ratios. Ultimately, however, at the time of scald development, warming at all 
times had reduced ethylene production; nevertheless, only when warming had 
occurred after 2 and 4 weeks at OC had it reduced CT281 concentrations and 
increased the CT258/CT281 ratio in the fruit peel. Only warming after 2 and 4 
weeks at OC reduced scald. In this way, warming appeared to produce its effect 
by inducing ethylene production early in the postharvest life of the fruit, and 
allowing ethylene to induce its dual effects of immediate stimulation of a- 
farnesene flux, and long-term alteration of CT metabolism which encourages 
proportionately greater accumulation of CT258 than CT281 (Du and Bramlage, 
1993b). 
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Table 12.1. Effects of storage temperature on ethylene production and a- 
farnesene accumulation and metabolism in Cortland apples. Fruit were kept at 
20C for 18 days or at OC for 20 weeks. At the end of the experiment, fruit at 
20C had developed no scald symptoms, while 84% of fruit at OC exhibited 
scald8. 
Storage 
temper¬ 
ature 
Storage 
duration 
Ethylene a-Famesene F/E CT258 CT281 CT258/CT281 
(ul.kg ’.h ') (nmol.cm2) (nmol.cm'2) 
20C 0 0.05 1.7 56.5 1.88 0.20 10.30 
3 0.35 3.7 58.6 1.25 0.52 2.40 
6 29.1 19.0 19.1 3.20 0.93 3.43 
9 114.6 88.6 1.17 5.10 1.46 3.68 
12 173.6 117.4 0.72 10.33 3.38 3.23 
15 164.5 117.1 0.75 11.50 3.63 3.18 
18 148.0 78.0 0.53 8.83 3.25 2.75 
Regression*! *** *** *** *** *** ** 
q *** *** *** *** *** *** 
c *** *** *** *** *** *** 
OC 0 0.05 1.68 56.5 1.88 0.20 10.30 
4 46.1 86.2 1.85 4.69 1.19 4.05 
8 57.7 165.7 2.90 8.47 6.76 1.29 
12 72.3 149.6 2.08 12.41 14.29 0.88 
16 63.5 133.9 2.10 11.41 12.84 0.89 
20 103.7 108.1 1.05 11.30 12.47 0.91 
Regression: 1 *#* ** ** *** *** 
q *** *#* *** *** *** *** 
c *** *** *** *** *** *** 
Overall: 20C 90.0 60.8 19.6 6.01 1.91 4.14 
OC 57.2 107.5 11.1 8.36 7.96 3.05 
F Test *** *** ns *** *** * 
Main Temp. (Te) *** *** ns *** *** * 
effects: Time (Ti) *** *** *** *** *** *** 
Te x Ti *** * ns * *** ns 
a Storage duration was in days at 20C, and in weeks at OC. 
b ***? **^ *? ancj ns: Significant at level of p = 0.001, 0.01, 0.05, or 
not significant. 1 = linear, q = quadratic, and c = cubic. 
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Table 12.2. Effects of warming interruption on ethylene production and a- 
farnesene synthesis and metabolism during and after the warming period of 
Cortland apples. 
Weeks at OC 
before 
warming 
Ethylene a-Famesene F/E CT258 CT281 CT258/CT281 
(ul.kg '.h'1) (nmol.cm2) (nmol, cm'2) 
At the beginning of warming period 
0 0.20 9.1 190.6 4.10 1.03 6.15 
2 15.7 16.1 1.05 4.53 1.08 4.33 
4 60.4 106.9 1.77 5.31 1.77 3.04 
6 68.1 169.6 2.58 7.73 5.30 1.48 
8 66.5 171.3 2.60 8.40 8.15 1.04 
20 113.8 105.5 0.95 11.62 14.36 0.81 
Regression": l *** * ns *** *** *** 
q *** ** * *** *** *** 
c *** *** ** *** *** *** 
At the end of warming period 
0 10.8 20.6 21.1 5.50 1.45 3.88 
2 166.3 158.4 0.95 8.88 2.53 3.55 
4 186.3 203.4 1.10 9.71 4.54 2.15 
6 253.1 182.9 0.70 8.96 7.39 1.22 
8 152.3 159.9 1.08 9.40 9.59 0.99 
20 476.7 76.2 0.16 10.62 13.49 0.80 
Regression: 1 *** ns ns *** *** *** 
q *** *** ns *** *** *** 
c *** *** ns *** *** *** 
Four and eight weeks after warming 
0 68.7 144.5 2.21 8.32 8.53 1.37 
2 86.8 144.8 1.70 10.85 7.11 1.56 
4 80.9 127.2 1.61 10.41 7.91 1.45 
6 97.0 139.1 1.46 12.79 12.42 1.10 
8 78.1b 135.5 1.74 13.68 15.11 0.96 
Regression: 1 ns ns ** *** *** ** 
q ** ns *** *** *** ** 
c * ns *** *** *** ** 
a ***^ **? an(j ns are signiflcance at p 
non-significant. 1 = linear, q=quadratic, and c = 
=0.001, 
cubic. 
0.01, 0.05 level, or 
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Table 12.3. Effects of warming interruption on post-storage ethylene production 
and a-farnesene synthesis and metabolism in Cortland apples. 
Weeks at 0C 
before 
warming 
Ethylene a-Famesene F/E CT258 CT281 CT258/CT281 
(ul.kg'.h-*) (nmol.cm'2) (nmol.cm'2) 
At removal from storage at 0C 
0 53.2 89.9 1.73 18.43 25.39 0.75 
2 71.5 91.3 1.35 12.08 8.87 1.39 
4 73.9 87.2 1.23 10.73 8.12 1.34 
6 79.3 109.4 1.40 12.88 14.76 0.89 
8 79.4 100.1 1.30 12.62 15.72 0.82 
20 113.8 105.5 0.95 11.62 14.36 0.81 
Regression": 1 *** * *** * ns ns 
q *** ns ** ** ns ns 
c *** * ** *** *** ** 
After 7 days at 20C 
0 241.3 48.9 0.20 10.97 13.95 0.79 
2 400.0 96.4 0.24 11.50 9.93 1.18 
4 375.9 74.5 0.20 10.00 8.46 1.21 
6 385.7 78.3 0.20 10.90 12.08 0.90 
8 422.4 77.7 0.18 10.90 12.16 0.93 
20 476.7 76.2 0.16 10.60 17.49 0.80 
Regression: 1 *** ns ** ns ns ns 
q *** ns * ns ns ns 
c *** * * ns * ** 
a ***? **^ an(j ns are significance at p=0.001, 0.01, 0.05 level, or 
non-significant. 1=linear, q=quadratic, and c=cubic. 
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Table 12.4. Effects of warming interruption on ethylene production and cc- 
farnesene synthesis and metabolism in Cortland apples8. 
Weeks at 0C 
before 
warming 
Ethylene a-Famesene F/E CT258 CT281 CT258/CT281 
(ul.kg'1.h'1) (nmol.cm'2) (nmol.cm'2) 
0 63.3 65.7 60.0 8.17 8.47 2.01 
2 118.1 93.4 30.4 8.61 5.59 2.50 
4 122.6 104.1 30.5 8.31 5.29 2.09 
6 140.0 117.2 30.5 9.63 9.25 1.52 
8 125.2 111.7 30.7 10.04 10.89 1.38 
20 106.0 101.8 24.3 8.40 8.51 1.70 
Regressionb: 1 ns ns ns ns ns ns 
q ns ns ns ns ns * 
c ns ns ns ns ns * 
Main Treatment (T) *** *** ** *** *** *** 
effects Owk vs 2,4,6&8wk *** *** ** *** * *** 
20wk vs others ** ** ** ns *** ** 
Stor. Time (S) *** *** *** *** *** *** 
T x S *** *** ns *** *** *** 
8 Seven measurements were taken during the entire storage period for 
each treatment, i.e. at harvest, at the begining and the end of warming period, 
4 and 8 weeks after warming treatment, at removal from cold srorage at OC, 
and after 7 days at 20C following cold storage. For control (20 wk.) 
measurements were take every 4 weeks in storage plus after 7 days at 20C 
following cold storage. Data here are means of the seven measurements of each 
treatment. 
b ***^ **? an(j ns; signiflcant at level of p = 0.001, 0.01, 0.05, or 
not significant. 1 = linear, q = quadratic, and c = cubic. 
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Table 12.5. Effects of warming interruption on post-storage fruit quality of 
Cortland apples. 
Weeks at 0C At removal from 0C After 7 days at 20C 
before Color Scald Color Scald Scald 
warming index* (%) index (%) intensity1* 
0 3.48 33.3 3.28 96.3 3.53 
2 2.85 13.3 2.20 75.8 1.90 
4 2.70 9.0 2.25 68.0 1.46 
6 3.33 5.5 2.80 83.5 2.15 
8 3.68 4.0 3.10 88.3 2.36 
20 3.88 4.8 3.25 86.0 2.22 
Regression': 1 ** ** ns ns ns 
q *** ** ns ns * 
c *** *** *** ** *** 
Analysis of Varience: 
Treatment *** *** ** 
** *** 
Owk vs 2,4,6&8wk *** ** ** ** *** 
20wk vs others * *** * ns ns 
Correlations with scald percent (SP) and scald intensity (SI): 
SP +0.392** +0.506* +0.630*** — +0.769*** 
SI +0.640*** + 0.458* + 0.620*** +0.769*** 
— 
a Using a pictorial standard chart: 1 to 4 correspond to yellow to green. 
b Defined as the average scald score of scalded fruit: 1 = 1 to 10%, 2 = 
11 to 33%, 3 = 34 to 66%, and 4 = > 67% of the surface affected. 
c 1, q, and c are for linear, quadratic, and cubic, respectively; and ***, 
**, *, and ns are significance at p=0.001, 0.01, 0.05 level, or non-significant. 
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Table 12.6. Correlations of scald percent (SP) and scald intensity (SI) with 
ethylene production, a-farnesene accumulation, and CT formation measured at 
different times during storage of Cortland apples at OC. 
Time of 
measuring 
Ethylene a-Famesene F/E CT258 CT281 CT258/CT281 
(ul.kg'.h'1) (nmol.cm'2) (nmol.cm'2) 
At the beginning of warming period: 
SP -0.279ns* -0.063ns + 0.308ns -0.211ns -0.240ns -0.034ns 
SI -0.427* -0.332ns + 0.621** -0.118ns -0.043ns -0.348ns 
At the end of warming period: 
SP -0.100ns -0.545** + 0.240ns -0.282ns -0.158ns -0.048ns 
SI -0.381ns -0.722*** +0.359ns -0.691*** -0.159ns -0.336ns 
Four and eight weeks at OC after warming: 
SP -0.452* +0.687** +0.677** -0.108ns +0.412* -0.468* 
SI -0.609** +0.622** +0.853*** -0.433* +0.101ns -0.609** 
At removal from cold storage at OC: 
SP -0.164ns -0.251ns + 0.324ns +0.601** +0.741*** -0.694*** 
SI -0.407* -0.010ns +0.519** +0.857*** + 0.924*** -0.663*** 
After 7 days at 20C following cold storage: 
SP + 0.396ns -0.569** -0.164ns -0.300ns +0.835*** -0.854*** 
SI + 0.591*** -0.782*** -0.205ns -0.204ns + 0.726*** -0.736** 
Overall measurements during the entire storage period: 
SP -0.599** -0.434* +0.595** +0.159ns + 0.760*** -0.430* 
SI -0.809*** -0.712*** +0.848*** -0.109ns +0.500* -0.170ns 
a 
5 5 5 and ns are significance at p=0.001, 0.01, 0.05, or non- 
significant, respectively. 
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Figure 12.1. Changes in ethylene and a-farnesene production at two storage 
temperatures. 
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Figure 12.2. Changes in CT281 and CT258 accumulation at two storage 
temperatures. 
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Figure 12.3. Effects of warming interruption on ethylene and a-farnesene 
production during storage at OC. 
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Figure 12.4. Effects of warming interruption on CT281 and CT258 
accumulations during storage at OC. 
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CHAPTER 13 
NOTES ON OTHER EXPERIMENTS 
Effects of Aminoethoxvvinvlglvcine and Ethephon 
Previous work (Watkins et al., 1993; Du and Bramlage, 1993b) showed 
that ethylene was an active factor in a-farnesene synthesis and metabolism in 
scald development of apples. The short-term effect of ethylene stimulates a- 
farnesene synthesis and its metabolism, and could increase scald development, 
while the long-term effect of ethylene diverts the CT metabolism to increase the 
CT258/CT281 ratio, and could reduce scald development, to further test these 
effects of ethylene, the effects of aminoethoxyvinylglycine (AVG), an inhibitor 
of ethylene biosynthesis in apple fruit (Baker et al., 1978; Bramlage et al., 
1980), were tested in comparison with effects of ethephon (an ethylene¬ 
releasing compound). It was predicted that AVG could suppress a-farnesene 
accumulation and metabolism, and thus reduce scald development. The 
following are the results and some brief discussion. 
Effects of AVG Applied Before Harvest 
Fruit were from mature Cortland apple trees grown under commercial 
conditions at the University of Massachusetts Horticultural Research Center, 
Belchertown, Mass. AVG, at 250 ppm, was applied in combination with a 
surfactant and a de-foamer on 1 Sept., 1992 to 8 one- or two-tree units, and 
another 8 units were left untreated. On 9 Sept., 4 of the AVG and 4 of the 
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untreated units were randomly selected and 500 ppm ethephon was applied in 
combination with surfactant to these trees. Thus, there were 4 treatments: 
control, AVG, ethephon, and AVG plus ethephon, with 4 replications of each 
treatment. On 1, 8, and 15 Sept., respectively, samples of 20 fruit each from 
each treatment and replicate were harvested for maturity evaluation (10 fruit) 
and for measurements of ethylene production, and a-farnesene and CT 
concentrations (10 fruit), as described previously (Du and Bramlage, 1993a). 
About 150 fruit were harvested from trees of each treatment on 15 Sept, and 
stored in air at 0C. Samples of 10 fruit each were taken from each treatment in 
storage every 5 weeks for measurements of ethylene production, and cc- 
farnesene and CT concentrations. At the end of 20 weeks of storage, fruit were 
transferred to 20C and evaluated for ground color (green/yellow) and scald 
incidence. After an additional 7 days at 20C, ground color, scald incidence and 
intensity, and ethylene production of fruit were determined. 
In another experiment, about 300 fruit were harvested on 15 Sept., 1992 
from 4 untreated trees, with each serving as a replicate. Half of the harvested 
fruit from each replicate were dipped in 250 ppm AVG plus surfactant and de- 
foamer for 30 seconds, and the other half, dipped in water with only surfactant 
and de-foamer, served as control. All dipped fruit were stored in air at 0C. 
Samples were taken every 5 weeks for measurements as described above. At 
the end of 20 weeks of storage, ground color, scald, and ethylene production of 
the fruit also were determined as described above. 
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Effects on Fruit Ripening. AVG delayed and ethephon advanced fruit 
ripening, as indicated by starch index and ethylene production (Table 13.1). 
When AVG treatment was followed by ethephon treatment, ripening was 
promoted by ethephon, but fruit were less ripe than control fruit at harvest. In 
addition, with delayed harvest (28 Oct.), AVG-treated fruit had ripened 
considerably, although their ethylene production was far less than that of 
control fruit. Similarly, AVG-plus-ethephon-treated fruit ripened but produced 
much less ethylene than controls. Thus, AVG caused fruit to ripen more slowly 
than controls and to produce much less ethylene during ripening. An ethephon 
application to AVG-treated fruit accelerated their rate of ripening, but the fruit 
continued to produce low rates of ethylene. 
Changes in Hexane-extractable Compounds. During the 2-week period 
following AVG application, AVG completely suppressed the increase in internal 
ethylene concentration that occurred in control fruit, and it delayed the increase 
of internal ethylene induced by ethephon sprays (Table 13.2). AVG had a 
corresponding effect on a-farnesene and CT accumulation, suppressing the rises 
that accompanied the rise in internal ethylene in the other treatments. However, 
neither AVG nor ethephon affected the CT258/CT281 ratio, but AVG increased 
and ethephon decreased the a-farnesene/ethylene (F/E) ratio. 
Postharvest Effects on Hexane-extractable Compounds. During 
storage at OC, ethylene production in AVG-treated fruit slowly increased, but 
was much lower than that of control fruit (Table 13.3). Ethephon-treated fruit 
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had greater ethylene production early in storage than did controls. Fruit treated 
with AVG and ethephon produced much less ethylene throughout storage than 
did controls. Overall, AVG reduced accumulation of cx-farnesene and CTs, but 
did not affect the CT258/CT281 ratio. Ethephon increased accumulation of cx- 
farnesene and CT258, but did not affect CT281, resulting in higher 
CT258/CT281 ratios in ethephon-treated fruit than in the control and AVG- 
treated fruit. Also, AVG greatly increased, and ethephon reduced, the F/E 
ratio. 
Effects on Post-storage Fruit Quality. AVG did not affect the fruit 
ground color, a measure of fruit ripeness, but significantly reduced the scald 
incidence, scald intensity, and fruit ethylene production (Table 13.4). Ethephon 
reduced color index, indicating greater fruit ripeness. Scald developed more 
rapidly on ethephon-treated fruit, but after 7 days at 20C, both incidence and 
intensity were equivalent on ethephon-treated and on control fruit. 
Effects of AVG Applied After Harvest 
Postharvest application of AVG significantly suppressed ethylene 
production, and accumulation of a-farnesene and CT281, but did not affect that 
of CT258 or the F/E ratio during the 20 weeks of cold storage (Table 13.5). As 
a result, AVG increased the CT258/CT281 ratio. The treatment reduced 
poststorage ethylene production and scald development, but not fruit color 
(ripeness) (Table 13.6). 
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Results of this study can be summarized as follows. 
1. Ethephon stimulated ethylene production, formation of a-farnesene 
and CTs in the fruit before harvest and early in storage. Ethephon also 
influenced the metabolism of a-farnesene and CTs, especially late in storage, 
resulting in lower a-farnesene and CTs, and a higher CT258/CT281 ratio than 
in control fruit. It increased the rate of scald development, but not the final 
scald incidence. These results confirm those reported previously (Du and 
Bramlage, 1993b). 
2. AVG suppressed ethylene production of the fruit, reduced a-farnesene 
and CT accumulation both before and after harvest, and reduced scald 
development. However, it had little effect on the CT258/CT281 ratio. 
3. These results provide additional evidence that ethylene has dual effects 
on metabolism leading to scald development: stimulating formation of a- 
farnesene and its oxidation to CTs, but also altering CT metabolism so that 
formation of CT258 is favored. 
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Table 13.1. Effects of pre-harvest sprays of 250 ppm AVG and 500 ppm ethephon 
on ripening of Cortland apples. 
Harvests Treatments Starch index8 Ethylene (ppm) 
Early (15 Sept.) Control 2.05 5.60 
AVG 1.60 0.08 
Ethephon 3.58 14.2 
AVG + Ethephon 2.88 19.3 
Late (28 Oct.) Control 6.75 108.6 
AVG 6.38 13.1 
Ethephon 7.85 200.7 
AVG + Ethephon 7.15 23.5 
Overall Control 4.40 57.1 
AVG 3.99 6.6 
Ethephon 5.71 107.5 
AVG + Ethephon 5.01 21.5 
Main effects5 Harvest (H) *** *** 
AVG (A) *** *** 
Ethephon (E) *** ** 
H x A ns *** 
H X E ns ns 
A x E ns * 
H x A x E ns ns 
a Using a standard pictorial chart: 1 to 8 correspond to progression from 
immature to overmature. 
b ***? **? *? an(j ns. significance at p = 0.001, 0.01, 0.05, or non¬ 
significance. 
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Table 13.2. Effects of preharvest AVG and ethephon sprays on ethylene 
production and a-farnesene synthesis and metabolism before harvest in Cortland 
apples. 
Treatment Sampling 
dates11 
Internal 
ethylene a-Famesene Far./eth. CT281 CT258 CT258/CT281 
(ppm) (nmol.cm'2) (nmol.cm'2) 
Control 1 Sept 0.05 10.7 289.7 1.13 3.41 3.18 
8 Sept 4.30 12.3 76.4 1.29 4.13 3.41 
15 Sept 5.60 14.9 72.5 1.45 5.73 4.03 
AVG 1 Sept 0.05 10.7 289.7 1.13 3.41 3.18 
(A) 8 Sept 0.08 7.8 208.3 1.00 3.63 3.61 
15 Sept 0.05 9.6 246.2 1.18 4.18 3.55 
Ethephon 1 Sept 0.05 10.7 289.7 1.13 3.41 3.18 
(E) 8 Sept 4.30 12.3 76.4 1.29 4.13 3.41 
15 Sept 14.2 55.0 4.10 2.43 10.1 4.15 
A + E 1 Sept 0.05 10.7 289.7 1.13 3.41 3.18 
8 Sept 0.08 7.8 208.3 1.00 4.63 3.61 
15 Sept 19.4 38.0 7.50 1.90 8.29 4.40 
Overall: Control 3.3 12.6 146.2 1.29 4.42 3.54 
AVG 0.1 9.3 248.1 1.10 3.74 3.45 
Ethephon 6.2 26.0 123.4 1.62 5.87 3.58 
A + E 6.5 18.8 168.5 1.34 5.10 3.73 
Main AVG ns ** ** * ** ns 
effectsb: Ethephon * *** * ** *** ns 
Time (T) * *** *** *** *** *** 
AxE ns ns ns ns ns ns 
AxT ns * ns ns ** ns 
ExT ns *** ** ** *** ns 
AxExT ns ns ns ns ns ns 
a AVG was sprayed on 1 Sept., and ethephon was sprayed on 8 Sept., 
1992. 
b ***, **? and ns: Significance at p = 0.001, 0.01, 0.05, or non¬ 
significance. 
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Table 13.3. Effects of preharvest AVG and ethephon sprays on ethylene 
production and a-farnesene synthesis and metabolism in storage of Cortland 
apples at OC. Fruit were harvested on 15 Sept., 1992. 
T reatment Weeks 
in 
Internal 
ethylene a-Famesene Far./eth. CT281 CT258 CT258/CT281 
storage (ppm) (nmol.cm'2) (nmol, cm2) 
Control 0 5.63 14.9 72.5 1.45 5.73 4.03 
5 148.3 132.1 0.90 3.50 7.33 2.12 
10 372.5 153.9 0.43 9.60 9.96 1.04 
15 264.2 132.3 0.55 10.55 10.48 0.99 
20 239.9 102.6 0.43 8.75 8.08 0.93 
AVG 0 0.05 9.6 246.2 1.18 4.18 3.55 
(A) 5 7.90 128.3 20.3 2.00 5.18 2.69 
10 19.6 256.5 9.5 8.35 9.10 1.09 
15 33.4 126.5 4.2 9.15 9.76 1.08 
20 96.6 95.1 1.4 7.03 6.62 0.95 
Ethephon 0 14.2 55.0 4.10 2.43 10.08 4.15 
(E) 5 243.4 152.4 0.64 4.78 13.05 2.69 
10 333.6 137.3 0.41 7.92 20.62 2.62 
15 265.1 127.3 0.48 7.44 16.03 2.25 
20 23.7 101.4 18.3 7.49 15.56 2.12 
A + E 0 19.4 38.0 7.5 1.90 8.29 4.40 
5 7.7 151.9 21.1 4.80 12.85 2.80 
10 40.2 127.0 4.9 7.67 14.62 1.95 
15 31.3 114.7 6.4 7.51 13.47 1.84 
20 7.1 95.7 24.7 6.25 10.7 1.82 
Overall: Control 206.1 107.1 15.0 6.77 8.31 1.82 
AVG 31.5 103.4 56.3 5.54 6.97 1.87 
Ethephon 176.0 114.7 4.8 6.01 15.07 2.77 
A + E 21.1 105.4 12.9 5.63 11.98 2.56 
Main AVG *** *** *** ** *** ns 
effects8: Ethephon ** ** *** ns *** *** 
Time (T) *** *** *** *** *** *** 
AxE ns ns * ns ** ns 
AxT *** ns *** ns ns ns 
ExT *** *** *** *** *** ** 
AxExT *** ns *♦* ns ** ns 
a *>|c 9fc 
significance. 
and ns: Significance at p = 0.001, 0.01 , 0.05, or non- 
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Table 13.4. Effects of preharvest AVG and ethephon sprays on ethylene 
production and post-storage quality of Cortland apples. 
Treatments 
At removal from 0C After 7 days at 20C 
Color 
index* 
Scald 
(%) 
Scald 
(%) 
Scald 
intensity1* 
Ethylene 
(ppm) 
Control 3.40 5 68 1.67 801.9 
AVG (A) 3.48 1 38 1.19 188.9 
Ethephon (E) 2.40 21 83 1.75 758.9 
A + E 2.95 4 40 1.42 342.0 
Main AVG ns *** *** *** *** 
effects'": Ethephon *** *** ns ns ns 
A x E ns *** ns ns ns 
a Using a pictorial standard chart: 1 to 4 correspond to yellow to green. 
b Defined as the average scald score of scalded fruit: 1 = 1 to 10%, 2 = 
11 to 33%, 3 = 34 to 66%, and 4 = > 67% of the surface affected, 
c *** an(j ns: Significance at p = 0.001, or non-significance. 
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Table 13.5. Effects of postharvest AVG application on ethylene production and 
a-farnesene and CT concentrations during storage of Cortland apples at OC. 
Treatment Weeks 
in 
Internal 
ethylene a-Famesene Far./eth. CT281 CT258 CT258/CT281 
storage (ppm) (nmol, cm'2) (nmol.cm'2) 
Control 0 0.05 10.1 303.0 1.18 5.43 4.63 
5 96.7 130.6 1.42 2.81 5.67 2.03 
10 230.4 155.8 0.84 8.95 11.59 1.36 
15 159.4 123.6 0.67 9.61 9.36 1.01 
20 382.3 89.5 0.26 9.01 8.44 0.99 
Regression 1 *** ns ** *** ** **# 
signif.*: q *** *** *** *** *** *** 
c *** *** *** *** *** *** 
AVG 0 0.05 10.1 303.0 1.18 4.18 4.63 
5 28.8 129.7 4.60 2.00 5.18 2.77 
10 79.7 133.4 1.89 8.35 9.10 1.75 
15 88.0 115.0 1.35 9.15 9.76 1.27 
20 289.4 87.1 0.31 7.03 6.62 1.22 
Regression 1 *** ns ** *** * *** 
signif.: q *** *** *** *** *** *** 
c *** *** *** *** *** *** 
Overall: Control 173.7 101.2 61.2 6.31 8.10 2.00 
AVG 97.2 95.1 62.2 4.67 7.85 2.33 
CSDq.oj 34.2 5.2 35.2 1.10 0.59 0.16 
Main AVG (A) *** * ns ** ns *** 
effects: Time (T) *** *** *** *** *** *** 
A x T ns ns ns ns ns ns 
a ***? **^ an(j ns: Significance at p = 0.001, 0.01, 0.05, or non- 
significance; 1 = linear, q = quadratic, and c = cubic. 
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Table 13.6. Effects of postharvest AVG application on poststorage ethylene 
production and fruit quality of Cortland apples. 
Treatments 
At removal from 0C After 7 days at 20C 
Color 
index* 
Scald 
(%) 
Scald 
(%) 
Scald 
intensity1* 
Ethylene 
(ppm) 
Control 3.20 3 90 1.40 674.8 
AVG 3.08 1 67 1.18 522.7 
F Testc: ns ns ** ns ns 
a Using a pictorial standard chart: 1 to 4 correspond to yellow to green. 
b Defined as the average scald score of scalded fruit: 1 = 1 to 10%, 2 = 
11 to 33%, 3 = 34 to 66%, and 4 = > 67% of the surface affected. 
c ** and ns: Significance at p = 0.01, or non-significance. 
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Effects of Preharvest Accumulation of Low Temperature 
Accumulated hours below IOC before harvest has often been found to 
correlate with scald development if data are compared among years (Fidler, 
1956; Merritt et al., 1961; Albrigo, 1968; Barden, 1992). However, the 
relationship between accumulated hours below IOC and accumulation of a- 
farnesene and CTs, and on its association with scald development within a 
season is not well known. In the present study, we recorded the accumulated 
hours of temperature below IOC in the orchard, harvested the fruit at intervals 
of approximately 20 hours below 10C, and measured the accumulation of a- 
farnesene and CTs in the fruit at the time of harvest. 
Both Cortland and Delicious apples were harvested beginning on the day 
when 80 hours below 10C had been recorded, and continuing for 7 or 8 
subsequent intervals of low temperature. About 100 fruit were harvested from 
each of four trees (replicates). Ten fruit of each replicate were sampled at each 
harvest time for measurements of fruit ripeness and hexane-extractable 
compounds, and the rest of the fruit were stored in air at 0C for 20 weeks for 
Cortland apples, or for 30 weeks for Delicious apples. After storage fruit were 
transferred to 20C for 7 days, and the scald incidence was evaluated. 
As fruit were harvested with increasing exposure to low temperature, 
they were progressively ripen and contained increasing concentrations of a- 
farnesene and CT281 and CT258 (Table 13.7 and 13.8). During this time, the 
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CT258/CT281 ratio declined significantly in fruit of both cultivars, with the 
greatest reduction occurring between the first and second harvest. 
Following 20 or 30 weeks of storage at 0C plus 7 days at 20C, scald 
development declined with increasing hours below 10C before harvest (Table 
13.7 and 13.8). 
As seen previously (Du and Bramlage, 1993a), Cortland apples 
accumulated much higher concentrations of a-farnesene and CTs than did 
Delicious (Table 13.9). However, Delicious had a higher CT258/CT281 ratio 
than Cortland. Correspondingly, Delicious developed less scald than did 
Cortland with the same numbers of hours below 10C at harvest, even though 
Cortland were riper at the corresponding times of harvest (Table 13.7 and 
13.8). 
It should be noted that the data for a-farnesene and CT concentrations 
reported here are all at-harvest values. They should not be confused with 
poststorage values, which were not measured here. However, these data show 
that it is the postharvest metabolism that determines scald development, not the 
a-farnesene or CT content at harvest, since the relationships between hexane- 
extractable compounds in fruit peel at harvest and scald development after 
storage seen here are essentially opposite to those that exist after fruit have 
been stored at low temperatures for long periods (Du and Bramlage, 1993a and 
1993b). 
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Table 13.7. Relationships of low temperature accumulation before harvest and 
fruit maturation on accumulation and metabolism of a-farnesene and conjugated 
trienes, and on scald development in Cortland apples3. 
Hours 
below 10°C 
Starch 
indexb 
a-Farnesene CT281 
(nmol, cm"2) 
CT258 
i 
Ratio 
of 
CT258/CT281 
Scald 
(%) 
80 4.66 30.4 2.00 7.50 3.77 70 
96 4.96 66.0 3.68 10.50 2.89 36 
128 5.10 45.0 3.10 8.86 2.92 34 
147 5.26 56.6 3.64 10.18 2.92 23 
175 6.40 72.6 4.86 14.48 3.03 28 
194 6.16 82.8 5.42 15.76 2.98 16 
212 6.48 78.4 5.82 15.50 2.68 24 
288 6.76 69.8 5.98 14.98 2.61 16 
Analysis of 
variance: *** *** *** *** ** *** 
Regressions with hours below 10CC: 
1 *** ** *** *** ** *** 
q *** *** *** *** ** *** 
Regressions with starch index: 
1 — *** *** *** ** *** 
q — *** *** *** ** *** 
Regressions with scald (%): 
1 -— ** *** *** ** 
q — ** ** ** ** — 
a Fruit were harvested at indicated hours below 10C in 1991. 
b 1 to 3 =  immature; 4 to 6 = mature; 7 to 8 = overmature. 
C *** ** , and ns are significance of regressions at p =0.001, 0.01, and 
non-significance, respectively. 1 = linear; q = quadratic. 
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Table 13.8. Relationships of low temperature accumulation before harvest on 
fruit maturation on accumulation and metabolism of a-farnesene and conjugated 
trienes, and on scald development in Delicious apples8. 
Hours Starch a- -Farnesene CT281 CT258 Ratio Scald 
of 
below 10°C indexb (nmol, cm'2) CT258/CT281 (%) 
80 2.80 8.0 0.72 2.73 4.17 60 
96 3.08 9.6 0.80 2.85 3.65 31 
128 3.26 8.14 0.87 3.24 3.83 30 
147 3.44 9.42 0.97 3.37 3.48 22 
175 4.26 15.1 1.17 4.25 3.64 2 
194 4.40 17.5 1.22 4.16 3.40 1 
212 4.66 19.8 1.16 4.21 3.63 1 
288 5.76 17.1 1.31 3.98 3.05 2 
404 6.62 22.1 1.59 5.77 3.64 0 
Analysis of 
variance: *** *** *** *** ns *** 
Regressions with hours below 10CC: 
j *** *** *** *** ns *** 
q *** *** *** *** *** *** 
Regressions with starch index: 
1 *** *** *** ns *** 
q *** *** *** ns *** 
Regressions with scald (%): 
1 *** *** *** * — 
q 
*** *** *** ns — 
8 Fruit were harvested at indicated hours below IOC in 1991. 
b 1 to 3 = immature; 4 to 6 = mature; 7 to 8 = overmature. 
c ***? **, an(j ns are significance of regressions at p=0.001, 0.01, 
0.05, and non-significance, respectively. 1 = linear; q = quadratic. 
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Table 13.9. Comparisons of mean maturity, hexane-extractable components of 
apple surfaces during the harvest season, and scald development after storage 
between Cortland and Delicious apples8. 
Starch o:-Farnesene CT281 CT258 Ratio Scald 
of 
CT258/CT281 Cultivar indexb (nmol, cm'2) (%) 
Cortland 5.71 63.5 4.37 12.34 2.95 31 
Delicious 4.25 14.1 1.09 3.84 3.61 17 
F Testc: *** *** *** *** *** *** 
8 Fruit were harvested at various hours below IOC. Data are means of 8 
or 9 harvests. 
b 1 to 3 = immature; 4 to 6 = mature; 7 to 8 = overmature. 
c *** is significance at p=0.001. 
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OP2(M? Values of Hexane Extracts 
During many of the experiments reported in previous chapters, OD200 
values of hexane extracts were recorded and are presented here. 
OD200 values have been reported to be positively correlated with 
endogenous antioxidant activities and negatively correlated with scald 
development, and thus have been proposed as potential predictors of poststorage 
scald development of apples (Meir and Bramlage, 1988; Barden, 1992; Barden 
and Bramlage, 1993). The present study reexamined the relationship of OD^ 
values with scald development under various conditions. 
Harvesting at Different Exposures to Preharvest Hours Below IOC 
During the harvest season, as fruit became more mature and experienced 
more hours below IOC, the OD200 increased, and these values were correlated 
significantly with decreased poststorage scald development in both cultivars 
(Table 13.10). However, it also was recorded that a-farnesene, CT281 and 
CT258 were increasing during the harvest season (Chapters VIII and XIII). 
Preharvest Ethephon Applications 
Ethephon treatment before harvest greatly enhanced OD^ values at the 
time of harvest, but had no effect on values when fruit were removed from 
storage (Table 13.11). The correlations of OD^ values with percent scald was 
significant for at-harvest values of non-treated fruit, but not for ethephon-treated 
fruit, since ethephon had no effect on scald development despite its increase of 
ODWJ values. Poststorage OD^ values were not correlated with percent scald. 
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Postharvest DPA Application 
DP A application effectively reduced scald, but had little effect on the 
OD200 values, whether applied to different cultivars or at different times (Table 
13.12). 
Fruit With Different Intensity of Scald Development 
In a 1990 experiment, fruit with greater scald intensities tended to have 
higher OD200 values than fruit with less scald intensities (Table 13.13). 
However, this could not be tested statistically because it was an unreplicated 
observation. In a 1992 experiment, OD200 values were negatively correlated 
with scald intensities, whether or not they were treated with ethephon before 
harvest. 
Differences Among Cultivars 
Comparisons of OD200 values among 4 cultivars with different scald 
susceptibilities revealed no consistent relationship between OD200 values and 
scald susceptibilities, either at harvest time or after storage (Table 13.4). 
Warming Interruption of Cold Storage 
In the 1992 warming experiment, OD200 values were higher in fruit that 
had been stored at 0C rather than at 20C, and values greatly increased during 
the warming period and during subsequent cold storage (Table 13.15). 
However, OD200 values at none of these intervals were correlated with scald 
development. 
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AVG Treatments 
AVG spray before harvest reduced OD200 values both at harvest and after 
storage, and also reduced scald (Table 13.16). postharvest AVG application did 
not reduce OD200 values after storage, but reduced scald development. 
In summary, OD200 values sometimes were correlated with scald 
development, especially those measured at harvest. However, where there were 
significant correlations of OD200 with scald development, there usually were 
other hexane-extractable components in the extract which also had high 
correlations with scald development (data not shown here). Since all of the 
hexane-extractable components separable on TLC plates had significant 
absorbance at 200 nm (Chapter IX), it is not possible to known which ones are 
contributing to the changing OD200 values under different conditions. 
The results indicated that OD200 values were negatively correlated with 
scald development only when they were measured at harvest. These correlations 
could be coincidental, because all other hexane-extractable components also 
were negatively correlated with poststorage scald development, and they all 
absorb strongly at 200 nm. However, this does not preclude the possibility that 
at-harvest OD200 values do represent relatively high concentrations of 
compounds with antioxidant properties, as has been proposed (Meir and 
Bramlage, 1988). 
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Table 13.10. Effects of preharvest low temperature accumulation on OD^ 
values at harvest and on scald development in Cortland and Delicious apples 
after storage at 0C for 20 weeks, 1991. 
Hours below 
10C 
Cortland Delicious 
OD20o Scald (%) 0^200 Scald (%) 
88 19.9 70 11.1 60 
96 27.1 36 12.1 31 
128 24.9 34 13.1 30 
147 25.5 23 13.6 22 
175 27.5 28 20.3 2 
194 31.7 16 20.6 1 
212 31.8 24 23.0 1 
288 31.1 16 22.8 2 
404 — — 25.7 0 
Analysis of 
variance8: *** *** *** *** 
Significance of regressions with scald development 
1 ** 
q ** 
*** 
*** 
a ***? **, an(j ns are significance at p=0.001, 0.01, and non- 
significance, respectively. 1 = linear; q = quadratic. 
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Table 13.11. Effects of 500 ppm ethephon treatment seven days before harvest 
on OD2oo values and on scald development on Cortland apples after storage at 
0C for 20 weeks, 1991. 
Harvest 
date 
OD200 Scald 
(%) At harvest At removal 
-ET +ET -ET + ET -ET +ET 
3 Sept 10.5 13.0 32.9 34.5 95 92 
9 Sept 11.9 26.9 32.3 33.1 90 89 
16 Sept 20.6 29.8 32.3 32.0 74 95 
23 Sept 23.7 41.7 31.1 32.7 64 96 
30 Sept 31.2 26.8 33.2 33.0 53 59 
7 Oct 32.6 34.3 — — 34 41 
Analysis of 
variance8: *** *** ns ns *** *** 
Significance of regressions with percent scald8 
1 *** ns ns ns — — 
q 
*** ns ns ns — — 
a *** and ns are significance at p=0.001 and non-significance, 
respectively. 1 = linear; q = quadratic. 
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Table 13.12. Effects of postharvest application of 250 ppm DPA on poststorage 
OD200 values and scald development in apples. 
Cultivar Treatment 0^200 Scald 
(x 1000 cm'2) (%> 
Cortland (1990) Control 32.9 23 
DPA, 0 wk 32.1 1 
F Test8: ns *** 
Delicious (1990) Control 20.4 20 
DPA, 0 wk 20.6 5 
F Test: ns ** 
Cortland (1992) Control 33.2abb 21a 
DPA, 0 wk 33.5a lb 
DPA, 19 wk 32.0b 9b 
DPA, 20 wk 31.9b 13b 
a ***? **? and ns are signiflcance at p=o.001, 0.01, or non-significance. 
Means without a common letter within a column are significantly 
different at p=0.05, separated by Duncan’s New Multiple Range Test. 
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Table 13.13. Relationships of scald intensities to OD200 values in Cortland 
apples. 
Scald 0^200 (1990) OD200 (1992) 
intensity8 Early-harvest Late-harvest Ethephon +Ethephon 
0 8.05 23.22 37.3 46.8 
1 9.65 21.78 — — 
2 7.53 24.37 36.7 37.6 
3 8.95 — — — 
4 10.80 — 30.9 34.7 
5 10.17 — — — 
Significance of regressions11 
1 c — *** ** 
q — — 
*** ** 
a Scald intensities: 0 = none; 1 = 1 to 10%; 2 = 11 to 33%; 3 = 34 to 
67%; 4 = >67% of surface affected after 7 days at 20C following storage, 
respectively; 5 = >67% surface affected at removal from storage. 
b **^ and ns are significance at p=0.001, 0.01, and non¬ 
significance, respectively. 1 = linear; q = quadratic. 
c There were no replicates because of limited numbers of scalded fruit in 
the 1990 experiment. 
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Table 13.14. Comparisons of OD20o values and scald development among four 
cultivars of apples. 
Cultivar 
OD2()o 
At harvest 
(x 1000 cm 2) 
At removal 
Scald 
(%) 
Cortland 26.4aa 33.3ab 49a 
Delicious 19.4b 35.8a 16b 
Golden Delicious 16.6b 16.6c 0c 
Empire 16.8b 32.7ab 0c 
a Means without a common letter within a column are significantly 
different at p=0.05, separated by Duncan’s New Multiple Range Test. 
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Table 13.15. Effects of warming interruption on OD200 values and on scald 
development in Cortland apples after 20 weeks at 0C plus 7 days at 20C, 1992. 
Warming OD20o (x 1000 cm'2) Scald 
time (wk) Warming period Post-warming At removal (%) 
0 14.7 23.8 31.0 96 
2 32.8 28.9 32.0 76 
4 21.9 36.0 32.0 68 
6 21.4 37.2 32.7 84 
8 31.0 39.5 31.1 88 
20 31.6 — 32.0 86 
Analysis of 
variance3: *** *** ns ** 
Correlations with percent scald: 
1 ns ns ns — 
q ns ns ns — 
c * * ns — 
a ***^ **^ an(j ns are significance at p=0.001, 0.01, 0.05 or non¬ 
significance, respectively. 
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Table 13.16. Effects of applications of AVG and ethephon on OD200 values and 
on scald development in Cortland apples after storage at OC for 20 weeks plus 
7 days at 20C, 1992. 
OD20o (x 1000 cm'2) Scald 
Treatment At harvest Post-storage (%) 
Spray before harvest 
Control 15.18 26.4 68 
AVG 12.03 24.6 38 
Ethephon (ET) 19.28 26.1 83 
AVG + ET 16.38 27.0 40 
Main effects: 
AVG * * *** 
ET *** * ns 
AVG x ET ns ** ns 
Dipping after harvest 
Control — 29.3 90 
AVG — 30.0 67 
F Testb: — ns ** 
a Means without a common letter within a column are significantly 
different at p=0.05, separated by Duncan’s New Multiple Range Test. 
b ***? **? an(j ns are significance at p=0.001, 0.01, 0.05 or non¬ 
significance, respectively. 
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Recovery of Hexane-extractable Components of Apple Surfaces 
Dipping fruit in hexane for measurements of UV absorbance of the 
extract is a routine procedure for quantifying cx-farnesene and CTs (Huelin and 
Coggiola, 1970; Anet and Coggiola, 1974; Meir and Bramlage, 1988). 
However, different researchers often have used different dipping times. To 
determine the effects of dipping time on recovery of hexane-extractable 
components in apples, Delicious fruit after storage were dipped for 30 sec to 6 
min in hexane. The recovery of hexane-extractable components was 
considerably affected by the dipping time in hexane. The concentrations of a- 
farnesene, CTs, and OD200 all increased with the dipping time (Table 13.17). 
However, the ratio of CT258/CT281 was not affected. These results suggest 
that hexane can penetrate beneath the cuticle layers of apple fruit, and extract 
these components from underlying cells. The longer the fruit were kept in 
hexane, the greater was the injury to the fruit. 
The units of nmoles.cm'2 for cx-farnesene and CTs have been used 
without referring to the dipping time in previous studies, to represent the 
abundance of the hexane-extractable components in apple surfaces. However, 
this is not proper if the dipping time varies among experiments. Taking the 
dipping time into consideration, the hexane extracting rate (HER), i.e. 
nmoles.cm'2, min'1 should be a proper parameter to represent the abundance of 
the investigated components in apple surfaces. This is because: 
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Absolute abundance (AA) = HER.t.k 1 (k is the percent recovery; 
t is the dipping time) 
Then, HER = AA.k.t1 
If k remains the same, HER is a proper indication of the abundance of hexane 
extractable components in apples. However, HER represents the extracting 
rate, which is not the proper dimension for abundance. Thus, we suggest that a 
relative abundance (RA) be used which can be defined as the amount extracted 
by hexane per minute. Then RA is numerically equal to HER, but has the same 
dimension of nmoles.cm'2, which has been used routinely. This concept is also 
appropriate for representing OD200. 
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Table 13.17. Recovery of hexane-extractable components from surfaces of 
Delicious apples with varying dipping times8. 
Dipping 
time 
a-Famesene OD200 CT281 CT258 Ratio 
of 
CT258/CT281 (nmol, cm'2) (A^ .cm'2.1000) (nmol, cm'2) (nmol, cm'2) 
0 Od 0 0 0 
30 sec 19.55 20.93 3.33 4.16 1.25 
1 min 25.03 24.55 6.10 6.24 1.04 
2 min 29.55 27.95 8.55 8.99 1.09 
3 min 36.78 31.50 10.63 11.36 1.09 
6 min 40.33 35.01 11.06 14.27 1.30 
Significance of linear regressionb: 
*** *** *** *** ns 
Analyses of 
Variance: *** *** *** *** ns 
8 Apples were harvested on 15 Oct., 1991, and stored at 0°C for 30 
weeks before extractions. 
b *** an(j ns are signiflcance at p=0.01 and non-significance, 
respectively. All quadratic and cubic regressions had the same significance as 
linear regressions. 
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CHAPTER 14 
GENERAL DISCUSSION 
Lipid peroxidation occurs during plant senescence and physiological 
stresses (Winston, 1990; Thompson et al., 1987). The damage from lipid 
peroxidation in living cells is either due to the alteration of membrane structure 
and function, resulting from oxidized lipids in membranes (Thompson, 1988), 
or due to the toxic products of lipid peroxidation such as malondialdehyde 
(MDA) and H202 (Jenero, 1990). The alteration of membrane structure and 
function may induce general damage and dysfunction of plant cells, while some 
of the lipid peroxidation products (e.g. MDA) may cause relatively specific 
damage to biological macromolecules due to their high chemical reactivity 
(Jenero, 1990). However, the toxicity of lipid peroxidation products in vivo 
depends not only on their formation, but also on their rates of degradation and 
interactions with other substances. Our investigation suggested that interactions 
both between lipid peroxidation products (e.g. MDA-H202 interaction) and 
between lipid peroxidation products and other substances could occur in vivo 
(Chapter IV). 
Lipid peroxidation is reported to be associated with fruit ripening 
(Frenkel, 1972; Frenkel et al., 1976) and chilling injury (Kuo and Parkin, 
1989). In our present study, it appeared that lipid peroxidation was extensive 
early in the fruit maturation process, and perhaps contributed to maturation 
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changes (Chapter V). In postharvest storage of apple fruit, lipid peroxidation 
products did not accumulate to high levels unless the fruit tissues were affected 
by senescent breakdown, while lipid peroxidation-related enzyme activities 
often exhibited considerable changes associated with postharvest storage 
duration and conditions. Fruit stored at low temperature contained slightly 
higher accumulation of lipid peroxidation products than ones stored at high 
temperature, and had different patterns of enzyme activity changes from those 
kept at high temperature (Chapter VI). These observations suggest that lipid 
peroxidation in vivo is largely kept under control by defense enzymes so that 
lipid peroxidation products increased very slowly as fruit senesced. However, 
the control appeared to be slightly less effective at low temperature. The control 
of lipid peroxidation products by enzymes may be one of the most important 
mechanisms for chilling resistance in plant materials. 
Superficial scald, a physiological disorder of apples that can develop 
under chilling conditions, was not correlated closely with lipid peroxidation, 
despite some association of lipid peroxidation with chilling conditions as 
described above. Thus, it seems that lipid peroxidation is no more than 
indirectly involved in scald development (Chapter VII). 
Our results strongly support the contention that superficial scald is a 
physiological disorder specifically associated with a-farnesene synthesis and 
metabolism (Huelin and Coggiola, 1970; Ingle and D’Souza, 1989). Many 
physiological, chemical and environmental factors (Brooks et al., 1919; Ingle 
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and D’Souza, 1989; Barden, 1992) affect scald development. In the past, 
attention has been given primarily to the correlations between accumulated cc- 
farnesene and CT281 and scald development (Meir and Bramlage, 1988; Huelin 
and Coggiola, 1970; Anet and Coggiola, 1974). However, in the present study, 
resistance of apple tissue to scald development depended on the ability to 
regulate the metabolism of scald-inducing substances, rather than on the actual 
quantities of a-farnesene and CT281 themselves. From this, a new hypothesis 
was developed on the metabolism that leads to superficial scald development 
(Chapters VIII and X). 
Many preharvest and postharvest factors affect scald development 
(Brooks et al., 1919; Dover, 1985; Ingle and D’Souza, 1989). In the present 
study, we tested a number of those factors, such as cultivar susceptibility, fruit 
maturity, preharvest low temperature accumulation, fruit size, storage 
temperature, antioxidant application, ethylene production and application of 
ethylene-promoting and -inhibiting chemicals, and warming interruption during 
cold storage. Effects on scald development of some of these factors, e.g. 
maturity, and ethylene-promoting and -suppressing chemicals, were obviously 
ethylene-mediated. Of particular interest was the finding that effects of DPA, 
which is assumed to act by suppressing the autoxidation of a-farnesene to CT, 
also were ethylene-mediated (Chapter X). Effects of some other factors, such as 
storage temperature and warming interruption of low temperature storage, also 
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may be partially ethylene-mediated (Chapter XII). Thus, it is obvious that 
ethylene plays an important role in scald development. 
The role of ethylene in scald development was shown to have two 
effects: one is a short-term effect — enhancing immediately the synthesis and 
metabolism of a-farnesene, which could increase scald development; the other 
is a long-term effect — altering the metabolism of CT281, resulting in 
increases of the CT258/CT281 ratio after prolonged cold storage, which could 
reduce scald development. Thus, the ethylene-mediated effects on scald 
development depend on the balance between the two opposing effects (Chapter 
X). 
Sensitivity of apple fruit to ethylene also could be an important 
physiological factor affecting responses of apple fruit to experimental treatments 
and altering effects of the treatments on scald development. In the present 
studies, several cases were observed where the fruit sensitivity to ethylene may 
play a role. 
a. In the experiment employing preharvest ethephon sprays , the 
sensitivity of fruit to ethephon treatment decreased as fruit became more ripe 
(Chapter VIII); 
b. In the series of experiments employing postharvest ethephon and/or 
DPA application, responses of the fruit became less significant as fruit were 
stored for longer time at low temperature (Chapter X); 
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c. When fruit were kept at different temperatures after harvest, a- 
farnesene accumulation in fruit kept at OC had a relatively greater response 
(higher a-farnesene/ethylene production ratio) to ethylene production than in 
fruit kept at 20C (Chapter XII); 
d. In the experiment employing warming interruption of cold storage, 
increases of a-farnesene relative to the ethylene production during the warming 
period changed with storage time at OC prior to warming interruption (Chapter 
XII); 
e. When AVG was applied, the early-harvested Cortland apples treated 
with AVG had very low ethylene production, but produced high cx-farnesene at 
low temperature storage, while before harvest the fruit had low ethylene 
production and also produced low a-farnesene (Chapter XIII). 
Although sensitivity of apple fruit to ethylene is not a well-defined term, 
it seemed as though their physiological responses to treatments changed under 
different physiological conditions. If ethylene sensitivity is viewed only in terms 
of the responses in a-farnesene accumulation in fruit surfaces, then the 
sensitivity of fruit to ethylene did change in response to different treatments, 
and resulted in different amounts of scald development. In general, more 
mature, ripe or senescent fruit displayed less sensitivity to ethylene than less 
mature, ripe or senescent fruit, and fruit kept at low temperature displayed 
higher sensitivity than ones kept at high temperature. Of course, this 
phenomenon could be related at least in part to saturation of response. 
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In these experiments, it was found that reduction of scald development 
always was associated with an increase of the CT258/CT281 ratio, while an 
increase of scald development often was associated with a decrease of the 
CT258/CT281 ratio. Seldom were differences in scald development correlated 
with accumulation of a-farnesene and CT281 or CT258 alone. Our results 
strongly support the view that superficial scald is a chilling injury, and is 
associated specifically with a-farnesene synthesis and metabolism. The 
biochemical pathway to scald development, i.e. from the synthesis of a- 
farnesene to its metabolism to CTs, and the further metabolism of CTs to 
induction scald development, is a dynamic metabolic flow. Investigations of 
scald development should include the influences of experimental conditions on 
the overall rate of the a-farnesene pathway, on the reaction rate of a single step 
in the chain, and on the accumulation of intermediates in the flow. These events 
apparently vary with time during fruit ripening and senescence. The modified 
hypothesis of scald development evolved in this study accounts very well for 
the results obtained under many experimental conditions, and also accounts for 
some inconsistencies and contradictions currently present in the literature. 
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CHAPTER 15 
SUMMARY 
The experimental findings and conclusions in the present study are 
summarized as follows: 
1. The interference of sugars in apple peel tissue for thiobarbituric acid 
(TBA) assay of lipid peroxidation can be corrected for by a modified 
procedure. The modified procedure also was applicable to other sugar-rich plant 
tissues. 
2. Malondialdehyde (MDA) can be oxidized by hydrogen peroxide in 
model systems to produce what probably is malonaldehydate. The oxidation has 
an approximate 1 : 1 ratio of reactants, and was most affected by pH. 
3. MDA also can be oxidized by light-excited riboflavin. The oxidation 
produced superoxide anion in the presence of oxygen. 
4. Lipid peroxidation appeared to be substantial early in apple 
maturation, and tended to increase during the ethylene climacteric of ripening. 
Factors such as ethephon treatment or light-shading, which enhanced or delayed 
maturation, promoted or reduced lipid peroxidation before harvest. Increased 
activities of catalase and peroxidase were closely associated with the maturation 
process. 
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5. In postharvest storage, lipid peroxidation in apples often displayed an 
upsurge, which probably was associated with the climacteric process. Catalase 
activity increased in this period. 
6. Superoxide dismutase (SOD) activity generally decreased continuously 
after harvest, and often displayed a rapid decline about 7 days after harvest. 
7. Differences in lipid peroxidation products and related enzyme 
activities existed between fruit stored at two different temperatures, i.e. OC and 
20C. However, the differences were primarily in the patterns of changes over 
storage time, but not in the overall levels. 
8. Apple peel contained considerably higher concentrations of lipid 
peroxidation products and higher activities of catalase, peroxidase, PPO, and 
SOD that apple flesh did. Apple tissue exhibiting senescent breakdown 
contained significantly higher concentrations of lipid peroxidation products and 
higher enzyme activities than healthy tissues. 
9. Lipid peroxidation and related enzyme activities were not well 
correlated with scald development, and not significantly affected by the factors 
(such as DPA treatment and cultivar susceptibility) which greatly influenced 
scald development, or with the intensity of scald development. 
10. Lipid peroxidation is associated with apple senescence, but may not 
directly contribute to scald development, while superficial scald is generally a 
physiological disorder associated with a-farnesene synthesis and metabolism. 
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11. Two groups of CT forms exist in apples, one absorbing strongly at 
281 nm (CT281), and the other absorbing strongly at 258 nm (CT258). CT281 
often was correlated positively with scald, while CT258 was correlated 
negatively with scald development. 
12. Ten components of hexane extract of apples were revealed by TLC 
separation. One of them was a-farnesene, with a single maximum at 232 nm. A 
group of them had UV characteristics similar to that of CT281, and another 
group had UV characteristics similar to that of CT258. The relative amounts of 
the two groups in samples on TLC separation were consistent with the 
CT258/CT281 ratios of the given samples. However, all 10 components had 
high absorbance at about 200-210 nm. 
13. CT258 was probably a nontoxic metabolite of CT281. The 
metabolism of CT281 in vivo was an important control point in regulating scald 
development. Thus, the CT258/CT281 ratio often was correlated negatively 
with scald, and may be taken as an indicator of the capability for apple tissue to 
regulate the CT metabolism. 
14. Ethylene had two effects on the a-farnesene synthesis and 
metabolism: a short-term effect, immediately enhancing synthesis and 
metabolism of a-farnesene, which could increase scald; and a long-term effect, 
increasing the CT258/CT281 ratio after prolonged fruit storage, which could 
reduce scald. The balance between the two effects apparently determines if 
scald develops. 
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15. Effects of ethephon were ethylene-mediated, and effects of DP A also 
were at least partly ethylene-mediated. Ethephon treatment counteracted effects 
DPA treatment when applied in combination. 
16. Larger fruit tended to be more susceptible to scald than smaller fruit. 
This may relate to greater ethylene production by larger fruit. 
17. Scald-resistant cultivars tended to contain less of a-farnesene and 
CTs, and to retain a higher CT258/CT281 ratio than scald-susceptible cultivars 
after low temperature storage. The CT258/CT281 ratios in scald-resistant 
cultivars also were less affected by differences in harvest time and storage 
duration. 
18. Results support the view that superficial scald is a chilling injury. 
Fruit kept at OC had different metabolic patterns from fruit kept at 20C. For 
example, fruit at OC had relatively high accumulation of CT281, and a- 
farnesene synthesis and metabolism were more sensitive to endogenously 
produced ethylene at low temperature than at high temperature. 
19. Warming interruption had two effects: a. enhanced ethylene 
production and a-farnesene and CT accumulation during the warming period; 
b. diversion of CT metabolism to a higher CT258/CT281 ratio after several 
weeks at OC following warming. 
20. Effects of warming interruption on scald development were highly 
dependent on warming time during storage at OC. Both CT281 accumulation 
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and CT258/CT281 ratio after storage were correlated with final scald 
development. 
21. Aminoethoxyvinylglycine (AVG) spray before harvest greatly 
suppressed ethylene production and reduced accumulation of a-farnesene and 
CTs, and reduced scald development. AVG dipping after harvest also greatly 
suppressed ethylene production and accumulation of a-farnesene and CTs, and 
slightly increased the CT258/CT281 ratio and reduced scald development. 
22. Preharvest accumulation of hours below IOC and advancing maturity 
indices negatively correlated well with scald incidence. These effects were not 
associated with alterations of a-farnesene and CTs in fruit peel at the time of 
harvest. 
23. OD200 values, especially after storage, generally were not well 
correlated with scald incidence. 
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